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Summary 
 
Meiosis is a specialized cell division which diploid organisms use to generate 
haploid gametes.  The halving of the chromosome number is achieved by one round of 
DNA replication and two consecutive rounds of divisions (meiosis I and meiosis II 
respectively).  In meiosis I, the reductional division, the homologous chromosomes are 
segregated; in meiosis II, the equational division, the sister chromatids are segregated.   
 
Any defects in chromosome segregation would result in aneuploidy, a culprit of 
reproductive failure and congenital birth defects.  In humans, there are strong correlations 
between maternal age and occurrence of trisomies.  However how maternal age increases 
aneuploidy is not fully elucidated although weakened cohesion and failure in check-point 
control have been suggested to contribute to aging effects.  To ensure the fidelity of 
chromosome segregation in meiosis I, a series of event have to be achieved and 
coordinated accurately during the prophase I – the homologous chromosomes have to 
find their correct partners, assemble the synaptonemal complex (SC) proteins forming 
synapsis to stabilize the homologs, and achieve meiotic recombination to make a physical 
link between the homologs.  The process of how homologous chromosomes recognize 
each other is still poorly understood.   
 
Mechanisms to bring homologous chromosomes together are generally divided 
into two categories: the DNA double strand break (DSB) dependent ones or the DSB 
independent ones.  Previous studies in C. elegans have demonstrated that pairing and 
synapsis can occur normally in the absence of DSBs.  The independency between these 
processes makes C. elegans an ideal model to study meiotic pairing. 
 
 During the course of this thesis, I have studied and identified C. elegans mutants 
(prom-1, mtf-1/sun-1, and him-19) with defects in homologous pairing.   
 
The prom-1 (progression of meiosis) mutant demonstrated the importance of 
timely meiotic entry to the successive meiotic events.  When PROM-1 is depleted, the 
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mutants display a complex meiotic phenotype with homologous pairing, synapsis and 
DSBs repair all being disrupted (work done in collaboration with Dr Verena Jantsch).   
 
The MTF-1/SUN-1 is a inner nuclear envelope protein.  Our mtf-1/sun-1(jf18) 
allele bears a specific mutation in the SUN domain that displays a global pairing defect.  
In the mtf-1/sun-1(jf18) background, the chromosome clustering at lepotene/zygotene 
stage is not observed.  The nucleoplasmic/cytoplasmatic link to the cytoplasmatic 
cytoskeleton is disrupted in this mutant leading to absence of chromosome movement and 
a failure of homology search. (work done in collaboration with Dr Alexandra Penkner). 
 
The him-19(jf6) is the third pairing defective mutant studied.  him-19 is a novel 
gene isolated from my forward genetic screen and has become the focus of my work.  
The female mutants are more affected by this mutation than the male worms; and the 
mutant phenotype is more severe in older worms. The mutant is impaired in homolog 
recognition and timely SC formation, and most likely DSB induction.  Our work on him-
19 extends the recent discovery of a DSB dependent SC polymerization mechanism in C. 
elegans.  The studies on him-19 showed that this newly described DSB dependent SC 
polymerization mechanism cannot contribute to homolog juxtaposition.  
 
The final paper in this thesis is concerned with studies of meiotic recombination.  
COM-1 in C. elegans is homologous to the mammalian repair-related protein CtIP and to 
the S. cerevisiae Com1/Sae2 recombination protein.  The com-1 mutants show normal 
homologous chromosome pairing and synapsis.  Studies with the com-1 mutants revealed 
that COM-1 plays a role in the generation of ssDNA tails that can load the 
strandexchange protein RAD-51, invade homologous DNA tracts and thereby initiate 
recombination (work done in collaboration with Dr Alexandra Penkner and Zsuzsanna 
Portik-Dobos). 
 
 
 
 
 
 5
Zusammenfassung 
 
Meiose ist jene spezialisierte Zellteilung mittels welcher diploide Organismen 
haploide Gameten produzieren. Die Halbierung der Chromsomenanzahl wird erreicht 
indem zwei aufeinander folgende Kernteilungen (Meiose I und II) an eine 
Replikationsrunde anschließen. Während der ersten meiotischen Teilung, der 
reduktionellen Teilung, werden die homologen Chromosomen getrennt.  Während der 
zweiten meiotischen Teilung werden die Schwesterchromatiden getrennt. 
 
Defekte in der Chromsomensegregation führen zu Aneuploidien, die eine 
mögliche Ursache von Unfruchtbarkeit und Geburtsfehlern darstellen. Im Menschen 
korreliert die Häufigkeit des Auftretens von Trisomien positiv mit   Alter der Mutter. Wie 
jedoch zunehmendes Alter das Ansteigen von Trisomien beeinflusst, ist nicht vollständig 
geklärt. Geschwächte Kohesion und das Versagen von Checkpoint Kontrollen könnten 
dazu beitragen.  
 
Um homologe Chromosomen während der ersten meiotischen Teilung verlässlich 
zu trennen, müssen verschiedene Ereignissen der Prophase miteinander koordiniert 
werden: Chromosomen müssen ihre homologen Partner finden. Der Synaptonemale 
Komplex (SC) muss aufgebaut werden. Der Synaptonemale Komplex stabilisiert die 
Interaktion zwischen Paaren von homologen Chromosomen und ermöglicht die 
meiotische Rekombination, welche zu einer physischen Verbindung der Homologen führt 
Der Prozess der Homologenerkennung ist noch weitgehend ungeklärt.  
 
Generell wird zwischen DNA-Bruch abhängigen und DNA-Bruch unabhängigen 
Mechanismen, die zur Homologenpaarung führen, unterschieden. Vorangegangene 
Studien in C. elegans zeigten, dass Paarung und Synapsis in Abwesenheit von 
Rekombination stattfinden können. Die Trennung dieser beiden Prozesse macht C. 
elegans zu einem idealen Modellsystem, um meiotische Paarung zu studieren. 
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 Im Rahmen meiner Dissertation habe ich folgende Chromsomenpaarungs-
mutanten in  C. elegans studiert: prom-1, matefin/sun-1 und him-19. 
 
 Die Studien zu prom-1 (progression of meiosis) untermauern die Bedeutung des 
zeitgerechten Beginns der Meiose und zeigen, welche Auswirkungen Störungen in 
diesem Prozess auf nachfolgende meiotische Ereignisse haben können. Prom-1 Mutanten 
zeigen einen komplexen meiotischen Phänotyp mit Defekten in der Homologenpaarung, 
Synapsis und Doppelstrangbruchreparatur (diese Arbeit wurde in einer Kollaboration mit 
Dr. Verena Jantsch durchgeführt). 
 
Matefin/SUN-1 (S. pombe Sad1/C. elegans UNC-84 domain protein) ist ein 
Protein der inneren nukleären Membran. Das Allel matefin/sun-1(jf18) trägt eine 
Mutation in der konservierten SUN–Domäne, welche zu einem Paarungsdefekt führt. In 
diesem genetischen Hintergrund kann das „Clustering der Chromosomen“ im 
Leptotän/Zygotänstadium nicht beobachtet werden. Die Verbindung vom Kerninneren 
und den Chromosomen zum Zytoskelett ist in dieser Mutante gestört. Dies führt dazu, 
dass sich die Chromsomen nicht bewegen und nicht mehr in der Lage sind, die 
Homolgiesuche durchzuführen. (Diese Arbeit wurde in Zusammenarbeit mit Dr. 
Alexandra Penkner durchgeführt).  
 
 him-19(jf6) (high incidence of males) ist die dritte paarungsdefiziente Mutante, 
welche ich studiert habe. Him-19 isolierte ich im Zuge meines genetischen Screens. Es 
codiert für ein Protein mit einer von mir erstmals beschriebenen Rolle in der Meiose. Die 
Untersuchung der Funktion von HIM-19 war der Fokus meiner Dissertationsarbeit. Diese 
Mutation betrifft weibliche Tiere stärker als männliche und der Phänotyp ist in älteren 
Tieren stärker ausgeprägt. Mutante C. elegans sind defekt in der Homologenerkennung, 
SC-Polymerisation und höchstwahrscheinlich in der Doppelstrangbruchinduktion. Unsere 
Arbeit über him-19 bestätigt und vertieft die kürzliche Erkenntnis, dass es in C. elegans 
einen DNA-Doppelstrangbruch-abhängigen SC-Polyimerisationsmechanismus gibt. 
Unsere Studien über him-19 zeigen weiters, dass dieser doppelstrangbruchabhängige SC-
Polymerisationsmechanismus nicht zur Homolgenpaarung beitragen kann.  
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Die letzte Veröffentlichung im Rahmen dieser Dissertationsarbeit befasst sich mit 
Studien zur meiotischen Rekombination. Das C. elegans Protein COM-1 ist ein 
Homologes zum menschlichen Reparaturprotein CtIP und zu S. cerevisiae Com1/Sae2. 
com-1 Mutanten weisen normale Chromsomenpaarung und Synapsis auf. Unsere Studien 
zeigen, dass com-1 eine Rolle in der Generierung von Einzelstrang-DNA-Überhängen, 
welche das Stranginvasionsprotein RAD-51 laden und in homologe DNA-Doppelstränge 
eindringen, spielt. Dies ist eine Voraussetzung für erfolgreiche DNA Reparatur. (Diese 
Arbeit wurde in Zusammenarbeit mit Dr. Alexandra Penkner und Zsuzsanna Portik-
Dobos durchgeführt).  
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Introduction: 
 
Meiosis is a specialized cell division in which a diploid organism generates haploid 
gametes.  The halving of the chromosome number is achieved by one round of DNA 
replication and two consecutive rounds of divisions (meiosis I and meiosis II 
respectively).  In meiosis I, the reductional division, the homologous chromosomes are 
segregated; in meiosis II, the equational division, the sister chromatids are segregated.  
As the gametes are the core sources to develop the offsprings, it is very important that 
they contain the correct number of each chromosome.  Any defects in chromosome 
segregation would result in aneuploidy, one of the culprits of reproductive failure and 
congenital birth defects.  In clinically recognized human pregnancies, approximately 7 to 
10% are chromosomally abnormal (Hassold and Hunt 2001; Hunt and Hassold 2008).  
Such number is underestimated as early abortions might escape diagnostic attention. 
Female human meiosis starts in fetal ovary, becomes arrested at prophase I, and the 
occytes can be stored for up to fifty years before ovulation.  It is known that there are 
strong correlations between maternal age and occurrence of trisomies.  However how 
maternal age increases aneuploidy is not fully elucidated (Hunt and Hassold 2008).  The 
meiotic prophase is the first window of vulnerability.  To ensure the fidelity of 
chromosome segregation in meiosis I, a series of events has to be achieved and 
coordinated accurately during the prophase I – the homologous chromosomes have to 
find their correct partners, assemble the synaptonemal complex (SC) proteins forming 
synapsis to stabilize the homologs, and achieve meiotic recombination to make a physical 
contact between the homologs (Petronczki et al. 2003).  Many of the key players in 
meiosis I have been identified in various model systems, showing that meiosis is a highly 
conserved biological process.  In this thesis, several mutants are analyzed to study 
homologous chromosome recognition and meiotic pairing of meiosis I in Caenorhabditis 
elegans.  Following is an introduction to the model organism – C. elegans in general and 
on worm meiosis in particular. 
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1.1 C. elegans as a model organism 
 
The nematode Caenorhabditis elegans has been in use as a genetic model system since 
1974 after Sydney Brenner first described its utility as a model organism (Brenner 1974).   
C. elegans is a transparent non-parasitic nematode.  With its simple body plan, relatively 
rapid life cycle, large brood size (one hermaphrodite can produce 250 to 300 progeny), 
complete cell lineage maps, and ability to endure freezing and thawing for long term 
storage, the animal became an attractive genetic tool that has been used to study many of 
the processes that occur in higher eukaryotes. 
 
The majority of C. elegans found in nature are hermaphrodites that are able to self 
fertilize.  Males arise from non-disjunction events of the X chromosome at a frequency of 
0.2% that allows cross-breeding between different strains.  The C. elegans genome was 
sequenced in 1998 (1998), and the cosmids and YACs used during the sequencing 
process are available for researchers to obtain.  As well, there is open access to the 
various mutant strains from published literature managed by the Caenorhabditis Genetics 
Center (CGC, University of Minnesota).  The C. elegans Gene Knockout Consortium 
(http://celeganskoconsortium.omrf.org/) and National Bioresource Project 
(http://www.shigen.nig.ac.jp/c.elegans/index.jsp) are two non-profitable organizations 
that create knockout mutants upon request. 
 
Other research advantages using C. elegans include the availability of various newly 
developed molecular data collections such as gene expression profile maps obtained from 
DNA microarrays (Kim et al. 2001), databanks of expressed sequence tags (ESTs) 
(Reboul et al. 2001), RNAi interference (RNAi) libraries from Geneservice 
(http://www.geneservice.co.uk/products/rnai/index.jsp), and single nucleotide 
polymorphisms (SNPs) database of the Hawaiian strain (Wicks et al. 2001).   
 
Furthermore, to better understand how proteins function as interacting partners in 
complexes, modules and networks, an interactome project is set out (Piano et al. 2006).  
The C. elegans interactome mapping project was initiated in the context of specific 
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biological processes such as vulval development, protein degradation, germline 
development, DNA damage response and Dauer formation (Boulton et al. 2002; Davy et 
al. 2001; Tewari et al. 2004; Walhout et al. 2002; Walhout et al. 2000b).  As no single 
method for capturing protein-protein interactions is 100% effective, the completion of the 
interactome map will require both a nearly complete C. elegans ORFeome collection as 
well as additional approaches that utilize modified versions of either Y2H or affinity-
purification of protein complexes (Walhout et al. 2000a; Walhout and Vidal 2001).  
Existing data are available for public use via the Wormbase.   
 
 
1.2 C. elegans as a model to study meiosis prophase I 
 
Besides the advantages mentioned above, C. elegans is a crawling reproductive machine.  
A large portion of the nematode’s body is their gonads packed with germ cells.  
Furthermore, these germ cells are organized in a spatio-temporal manner.  At the tip of 
the wild-type hermaphrodite gonad is the distal tip cell (DTC) that is essential for mitotic 
divisions (Kimble and White 1981).  The distal end of the gonad is where the immature 
germ cells are located and undergo mitosis.  More proximal to the mitotic region is the 
transition zone where the germ cells begin early meiotic prophase.  Even further towards 
the proximal end are the maturing gametes going through meiotic prophase and 
gametogenesis.  All the classically defined stages of meiosis prophase I are found 
progressing along the gonad tube in a chronological manner (Figure 1).   
 
A series of RNA regulators control the switch from germ cell duplications to meiosis.  At 
the core of the regulation of the mitosis/meiosis decision are the FBF and GLD proteins 
(Kimble and Crittenden 2007).  Then, upon the entry of meiosis the leptotene/zygotene 
stages start, which display characteristic nuclei where chromatin adopts a crescent shape 
(this zone is generally referred to as the transition zone TZ).  Homologous alignment 
starts during these stages, and the chromosome clustering formation from the TZ is 
known to be linked with homologous chromosome pairing (Couteau et al. 2004; Couteau 
and Zetka 2005; MacQueen and Villeneuve 2001; Martinez-Perez and Villeneuve 2005; 
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Penkner et al. 2007b).  At the exit of TZ, after the search for the proper homologous 
partner should be finished, the chromosomes are released from the polarized 
configuration and synapsed parallel chromatin tracks are observed in the pachytene cells 
that occupy a large region within the gonad tube.  After the pachytene stage, at the 
proximal end of the gonad tubes diplotene and diakinesis cells are found.  At diakinesis, 
the six distinct DAPI stained structures observed correspond to the five pairs of 
autosomes and one pair of X chromosome. Figure 1 shows a picture representing each of 
the stages. 
 
 
 
 
 
Figure 1 Meiotic prophase progression in a C. elegans hermaphrodite germline (from the 
review of (Colaiacovo 2006)). 
 
 
1.3 Homologous Chromosome Pairing in C. elegans 
 
This is the initial process where homologous chromosomes come in contact with their 
partners before synapsis physically connects the chromosomes along their lengths (Loidl 
1990).  The process of how the chromosomes recognize each other is still partially 
unresolved.  The chromatin clustering observed in transition zone cells can be correlated 
to the presence of an active pairing process.  Lack of the polarized TZ nuclei is 
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consequently observed in various mutants with defects in homologous alignment: such as, 
chk-2, htp-1, him-3, and mtf-1/sun-1 (Couteau et al. 2004; Couteau and Zetka 2005; 
MacQueen and Villeneuve 2001; Martinez-Perez and Villeneuve 2005; Penkner et al. 
2007b). 
 
Homologous chromosome pairing and/or synapsis can be divided into two categories: 
double-strand breaks dependent or double strand break independent.  In fungi S. 
cerevisiae, Coprinus, and Sordaria; plant Arabidopsis thaliana; and in mouse, the SC 
formation is dependent upon other proteins known to be required for DSB formation 
(Baudat et al. 2000; Celerin et al. 2000; Grelon et al. 2001; Keeney et al. 1997; 
Romanienko and Camerini-Otero 2000; Storlazzi et al. 2003).  Homologous chromosome 
pairing occurs in three steps that are depending on DSBs: an early recognition that is 
independent of recombination, DSB mediated juxtaposition of homologues to a close 
distance, and then SC formation (Zickler 2006).  In contrast to these systems, C. elegans, 
Drosophila melanogaster, and Bombyx mori females, homologous pairing and/or 
synapsis is DSB independent (Dernburg et al. 1998; McKim et al. 1998; Rasmussen 
1977).   
 
SPO-11 is involved in making double strand breaks (DSBs) by cutting DNA in a 
topoisomerase II-like transesterification (Bergerat et al. 1997; Keeney et al. 1997).  spo-
11 null mutants in C. elegans were shown to have neither a defect in homologous pairing 
nor synapsis (Dernburg et al. 1998).  FISH (florescence in situ hybridization) experiments 
indicated that homologous chromosomes are able to recognize each other.  In addition, 
the synapsis to keep the homologs together throughout pachytene is normal in the spo-11 
mutant background (Dernburg et al. 1998).  The fact that homology recognition is 
independent of DSB formation makes C. elegans an ideal organism to study homologous 
chromosome pairing.   
 
From genetic experiments it is known that cis-acting chromosomal regions involved in 
pairing exist in C. elegans.  In various strains carrying reciprocal translocations in 
heterozygous form, crossing over is suppressed from one end of the chromosome to the 
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break point of the translocation but readily occurs from the breakpoint to the other end of 
the chromosome  (McKim et al. 1988; McKim et al. 1993; Rosenbluth and Baillie 1981).  
By studying these strains six regions are mapped genetically to be crucial for promoting 
homologous chromosome pairing.  Such domains are now referred to as the pairing 
centers (PCs) (reviewed in C. elegans II Chapter 3).  Experiments done on the strain 
meDf2 having deficiencies at the X chromosomes’ pairing center region have shown that 
the homologous pairing and establishment of synapsis of that particular chromosome set 
would be disrupted if the PCs are absent (MacQueen et al. 2005).   
 
So, how do the HRR/PCs play a role in homologous pairing?  It is known that the him-8 
mutants have defects in segregating the X chromosomes (Broverman and Meneely 1994).  
Antibodies raised against HIM-8 combined with FISH experiments showed that the 
protein binds specifically to the X chromosome pairing centers (MacQueen et al. 2005; 
Phillips et al. 2005).  Three other neighboring opening reading frames (zim-1,2 and 3), 
encoding a family of zinc-finger proteins in the same operon as him-8, were studied later 
(Phillips and Dernburg 2006).  The ZIM proteins do localize to specific chromosome sets.  
ZIM-3 associates with the PCs on chromosomes I and IV; ZIM-1 interacts with the PCs 
on chromosome II and III; ZIM-2 binds to only the PC of chromosome V (Phillips and 
Dernburg 2006).  ZIM antibody stainings revealed, that at early prophase, the pairing 
centers are associated with the nuclear peripheries.  Furthermore, molecules homologous 
to key players in bouquet formation are involved in the attachment of chromosomal ends 
to the nuclear envelope.  In S. pombe, Sad1, a SUN domain protein, is localized to the 
inner nuclear membrane(Chikashige et al. 2006).  Sad1 interacts both with Bqt1 and Bqt2 
at the nucleopasmic side and Kms1 at the outer nuclear membrane.  The complex of Bqt1 
and Bqt2 binds to Rap1, a telomere protein that binds to telomere through the interaction 
of Taz1.  This whole complex containing Sad1 is important for mediating movement of 
chromosomes during the bouquet formation where homologous chromosome pairing 
occurs (Chikashige et al. 2006).   
 
MTF-1/SUN-1 is a SUN domain-containing protein which localizes to the inner nuclear 
membrane in germ cells and embryos (Fridkin et al. 2004).  One important function of 
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MTF-1/SUN-1 is to mediate nuclear attachment of the centrosome via the KASH motif-
bearing protein ZYG-12 during pronuclear migration and subsequent cell divisions 
(Malone et al. 2003).  The manner that the C. elegans SUN-1 is embedded at the inner 
nuclear membrane and ZYG-12 is at the outer nuclear membrane is analogous to Sad1 
and Kms1 in S. pombe (Chikashige et al. 2006).  An allele, jf18, mutated in the SUN 
domain, was produced in our lab from a forward genetic screen.  The mtf-1/sun-1(jf18) is 
another mutant displaying a global pairing defect (Penkner et al. 2007b).  In the mtf-
1/sun-1(jf18) background, synapsis is established precociously but in a nonhomologous 
manner.  Wild-type leptotene/zygotene nuclei show patch-like aggregations of the ZYG-
12 protein, but such patches fail to develop in mtf-1/sun-1(jf18) mutants.  Further analysis 
showed that the ZYG-12 patches remarkably colocalize with one of the ZIM proteins 
HIM-8 (marking the PC of the X chromosomes) rather than the centrosome.  Since one 
chromsome end always perfectly colocalizes with patches of ZYG-12/SUN-1 (Penkner et 
al., 2007 and Dernburg personal communication), one can suggest that these represent 
chromosomal equivalents to mammalian attachment plaques.  Such was also described in 
mammalian Sun2 and S. cerevisiae mps3 (Conrad et al. 2007; Schmitt et al. 2007).  The 
data on this mtf-1/sun-1 allele challenge the previously postulated role of the 
centrosome/spindle organizing center in chromosome pairing.  Penkner et al showed that 
the centrosome and ZYG-12/HIM-8 aggregations lack spatial correlations.  The work 
clearly supports a role for MTF-1/SUN-1 in meiotic chromosome reorganization and in 
homology recognition, possibly by sustaining the nulcleo/cytoplasmatic link which 
connects chromosomes to the cytoplasmatic cytoskeleton (Penkner et al. 2007b). 
 
CHK-2 is a member of the checkpoint kinase Cds1/Rad53 family (Garcia-Muse and 
Boulton 2007; MacQueen and Villeneuve 2001; Oishi et al. 2001).  The chk-2 mutants 
were one of the earliest mutants found displaying a global pairing defect, but its exact 
role in pairing is unclear (MacQueen and Villeneuve 2001).  The loading of SYP-1 is 
restricted in the chk-2 mutant (Martinez-Perez and Villeneuve 2005).  Moreover, RAD-
51 fails to load in the chk-2 background, suggesting that DSBs are not formed in the 
mutant (Alpi et al. 2003).  In terms of pairing, HIM-8 localization to the nuclear envelope 
is normal in the chk-2 mutant (Phillips and Dernburg 2006).  The ZIMs are also localized 
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to the chromosomes; however, the foci are more diffuse and less nuclear envelope 
associated (Phillips and Dernburg 2006).   Due to CHK-2’s role as a kinase, there exist 
the possibility that it functions to phosphorylate other targets involved in meiotic 
progression.  Recent findings from our lab suggests that CHK-2 might function in 
phosphorylating MTF-1/SUN-1 at the meiotic entry region to facilitate homologous 
chromosome pairing (personal communications from Alexandra Penkner). 
 
The study of the prom-1 (progression of meiosis) mutant demonstrated the importance of 
timely meiotic entry to the successive meiotic events (Jantsch et al. 2007).  PROM-1 
encodes a F-box protein that had been shown to be required for meiotic prophase 
progression and homologous chromosome pairing (Jantsch et al. 2007).  The prom-1 
mutants complete mitosis in the wild type like timing.  However, following the mitosis 
region, the prom-1 mutants displace a retarded asynchronous nuclear organization.  With 
such delay in meiosis entry, the mutant display a complex meiotic phenotype: 
homologous pairing, synapsis and DSBs repair are all disrupted (Jantsch et al. 2007).     
 
HIM-19 is a novel gene found in our lab from a forward genetic screen looking for 
mutants with homolog recognition defects (manuscript attached in thesis).  The specific 
allele found, him-19(jf6), shows an interesting age dependent phenotype.  Moreover, the 
female mutants are more affected by this mutation than the male worms.  The 
homologous pairing defect of the him-19 mutant affects all chromosomes.  
Nonhomologous synapsis is found in the mutant.  RAD-51 loading is delayed in the him-
19 mutant.  HIM-8 localization is normal in the mutants.  However, ZIM-3 (the pairing 
center protein specific for the linkage group I and IV) fails to localize to the chromosome 
sets.  The function of HIM-19 and how it plays a role in homology recognition is yet to 
be determined.   
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1.4 Synapsis 
 
The synaptonemal complex (SC) is a highly conserved structure that consists of proteins 
that align themselves along the axis of the homologous chromosomes and “zips” the 
homologs up like a “zipper” (Colaiacovo 2006; Page and Hawley 2004).  The SC is a 
tripartite structure consisting of two lateral elements (containing, HIM-3 (Couteau et al. 
2004)) and a central element (consisting of SYP-1, 2, and 3 (Colaiacovo et al. 2003; 
Smolikov et al. 2007a; Smolikov et al. 2007b)) bridging between the axes.  In wild type, 
the SC serves an important role to lock the homologous chromosomes together after they 
have found the correct partner.  Although initiation of meiotic recombination is not 
disturbed in mutants defective in the SC central region components, the formation of 
crossover recombination is disrupted (Colaiacovo et al. 2003).  Since the synaptonemal 
complex has a high tendency to self-assemble, its assembly has to be tightly regulated to 
avoid locking with the wrong partner (Couteau and Zetka 2005; Martinez-Perez and 
Villeneuve 2005; Smolikov et al. 2007b; Zickler and Kleckner 1999).  Pairing centers 
and the ZIM proteins have a proof reading ability to promote synapsis only when the 
right homolog is found (MacQueen et al. 2005; Phillips and Dernburg 2006; Phillips et al. 
2005).  When a particular ZIM protein is disrupted, the synapsis on that particular 
chromosome set/s would be inhibited (Phillips and Dernburg 2006; Phillips et al. 2005).  
Studies on translocation heterozygous strains have shown that their synapsis initiates near 
the pairing centers and then polymerizes to the nonhomologous side (MacQueen et al. 
2005).  Moreover, HTP-1, a paralog of the axial element HIM-3, is known to play a role 
in coordinating homologous chromosome pairing and synapsis (Couteau and Zetka 2005; 
Martinez-Perez and Villeneuve 2005).  Below is a brief review of some of the SC 
components in C. elegans. 
 
HIM-3 
 
HIM-3 is an axial element component sharing homology  with the S. cerevisiae’s lateral 
element component HOP1 (Zetka et al. 1999).  HIM-3 is meiosis specific and localizes to 
chromosomes at the entry of meiosis and remains associated with chromosomes till the 
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metaphase I to anaphase I transition (Couteau et al. 2004).  The loading of HIM-3 is 
dependent on the meiosis specific cohesion REC-8 but not on the SC central element 
components (Colaiacovo 2006; Couteau et al. 2004; Zetka et al. 1999). 
 
Mutants of him-3 show homology recognition defects for the autosomes.  Surprisingly, 
with the poor pairing in the autosomes, the X chromosome has a high level of pairing in 
the him-3 mutant background (Couteau et al. 2004).  This is an indication that the X 
chromosome has a different way to find its homolog than the other linkage groups. 
In C. elegans, crossovers are tightly regulated events.  Crossover interference limits that 
only one crossover would occur per chromosome pair (Hillers 2004).  Studies with a 
hypomorph of him-3(me80), which is able to load HIM-3 along chromosome axis, 
showed that this mutants have higher incidence of producing meiotic products with two 
crossovers (Nabeshima et al. 2004).  Evidence observed from this mutant suggests that 
the chromosome axis is an important structure for crossover regulation. 
 
SYP-1,2, and 3 
 
SYP-1,2, and 3 proteins encode coil-coil proteins and are found at the central region of 
the C. elegans SC (Colaiacovo 2006; Smolikov et al. 2007a; Smolikov et al. 2007b).  
Their immunostaining is dependent on the axis morphology.  In background of disruption 
of either REC-8 or HIM-3, the central elements would fail to load on chromosomes 
(Colaiacovo et al. 2003; Couteau et al. 2004; MacQueen et al. 2002; Smolikov et al. 
2007a; Smolikov et al. 2007b).  In wild-type pachytene, the SYPs would decorate along 
the aligned homologous chromosomes.  When syp-1,2 and 3 are disrupted, initial 
homology recognition would still take place.  Characteristic to this group of mutants is 
their extended transition zone as can be highlighted by DAPI staining.  FISH experiments 
revealed that homologous pairing is not interrupted but the homologs fail to stay together 
at later pachytene due to the lack of the central region of the SC (Colaiacovo et al. 2003; 
MacQueen et al. 2002; Smolikov et al. 2007a; Smolikov et al. 2007b).  The localizations 
of these three SC central elements are interdependent.  Mutants of the special allele syp-
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3(me42) do not display an extended TZ but premature chromatin redispersal (Smolikov et 
al. 2007b).  Also unlike the syp-1,2 and the syp-3 deletion mutants, the RAD-51 staining 
of the syp-3(me42) mutant disappear in a wild-type manner.  Smolikov et al showed that 
when interhomolog recombination is impaired, both intersister recombination and 
nonhomologous end-joining pathways can contribute to repair.  This analysis of the syp-
3(me42) mutants suggests that the conformation of chromosomes may influence the 
mode of DSB repair employed during meiosis (Smolikov et al. 2007a).   
 
HTP-1,2, and 3 
 
HTP-1,2 and 3 are paralogous proteins of HIM-3.  All three meiosis-specific proteins and 
also the HIM-3 contain HORMA domains (Couteau and Zetka 2005; Goodyer et al. 2008; 
Martinez-Perez and Villeneuve 2005).  Since HTP-1 and HTP-2 are almost identical, 
antibodies are actually unable to distinguish one from the other.  All the HTPs antibodies 
stain similar to HIM-3, decorating along even unsynapsed axes.  Mutants in htp genes 
lack the transition zone that is associated with the homology pairing process.  As 
predicted, they all have defects in finding the correct partner.  However, in some alleles, 
similar to the him-3 mutants, the pairing of the X chromosome is better than that of the 
autosomes.  Overall, similar to HIM-3, all these paralog proteins play a role in 
chromosome organization, homologous chromosome pairing and synapsis (Colaiacovo 
2006; Couteau and Zetka 2005; Goodyer et al. 2008; Martinez-Perez and Villeneuve 
2005).  Studies have shown that HTP-1 and HTP-2 function in regulating the central 
region formation in early prophase by preventing nonhomologous synapsis (Couteau and 
Zetka 2005; Martinez-Perez and Villeneuve 2005).  
 
Despite the large collection of SC components found, not all components are revealed yet.  
For instance, another paralog of the SYP proteins has been found recently – SYP-4 
(personal communication Sarit Smolikov Gordon conference 2008).  
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Figure 2.  Model of synaptonemal complex formation in C. elegans (adapted from 
Colaiacovo 2006).  HTP-3, HIM-3 and REC-8 are the axes-associated components; 
together they form the axial element of the SC along each of the homologous 
chromosome.  Then upon the initial homolog alignment, the ZIM proteins would 
associate with their respective chromosome set/s’ pairing centers promoting homologous 
chromosome pairing and establishing synapsis at the region.  Before the proper homolog 
is found, HTP-1 and HTP-2 function to restrain synapsis.  The outcome of proper 
homologous pairing is: i) a fully formed SC comprised of a pair of lateral elements and ii) 
a central element consisting of SYP-1,2, and 3 bridging the gap between the homologous 
chromosomes.  
 
 
1.5 Recombination 
 
Successful chromosome segregation in meiosis I requires timely initiation and repair of 
double strand breaks during the prophase progression.  In all eukaryotes, meiotic 
recombination is initiated by the formation of double-strand breaks (DSBs) by Spo11 
(Keeney et al. 1997).  As mentioned above, studies on C. elegans spo-11 null mutants 
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revealed that being unable to form DSBs casts no consequence in having defects in 
homologous pairing nor synapsis (Dernburg et al. 1998).  S. cerevisiae has numerous 
genes involved in DSB formation, however, besides Spo11, the other homologs are 
missing in C. elegans.  Such absence could be explained by an alternative mechanism of 
DSB initiation and regulation, due to the different scenarios in which DSB formation is 
initiated (Garcia-Muse and Boulton 2007).  In S. cerevisiae, the MRN complex (MRE11, 
RAD50, and NBS1/Xrs2) is required for DSB formation, processing and checkpoint 
signaling during meiotic cell division (van den Bosch et al. 2003). In C. elegans, 
homologs of the MRN complex have also been identified: mre-11 and rad-50 (Chin and 
Villeneuve 2001; Colaiacovo et al. 2002; Garcia-Muse and Boulton 2007; Hayashi et al. 
2007).  The C. elegans him-17 gene has been reported to allow competence for DSB 
induction by modifying the chromatin (Bessler et al. 2007; Reddy and Villeneuve 2004).  
HIM-17 associates with the meiotic chromosomes throughout the germline.  Antibodies 
against lysine 9 methylated histone H3 (H3MeK9) stain the later pachytene in the wild-
type gonads.  Yet the H3MeK9 staining in the him-17 mutant remain at a very low level 
(Bessler et al. 2007; Reddy and Villeneuve 2004).  Recent studies with HIM-17 revealed 
that it has an additional role in the meiotic entry decision (Bessler et al., 2007).   
 
Figure 3 below is a summary diagram of the proteins involved in recombination during 
meiotic prophase in C. elegans.  Besides the players mentioned already, some of the 
common players in the C. elegans meiotic recombination are discussed below.   
 
RAD-51 
 
RAD-51, a strand exchange protein, is a member of the highly conserved RecA family 
involved in repairing meiotic DSBs (Paques and Haber 1999).  The recombination 
protein associates with the 3’ ssDNA overhangs flanking DSBs to form long 
nucleoprotein filaments (Shinohara et al. 1992).  In C. elegans, the RAD-51 antibody is 
widely used to assay the progression of DSBs repair throughout meiotic prophase (Alpi et 
al. 2003; Colaiacovo et al. 2003).  RAD-51 immunolocalization indicated that DSBs are 
initiated normally in the SC mutants: him-3, htp-3, syp-1, and syp-2 (Colaiacovo et al. 
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2003; Couteau et al. 2004; Couteau and Zetka 2005; Martinez-Perez and Villeneuve 
2005).  These studies also revealed that when the homologous partner is not present, the 
barrier against sister chromatid mediated repair is removed and DSBs can be repaired via 
the sister chromatids in these mutants (Colaiacovo 2006; Garcia-Muse and Boulton 2007).  
Although initiation of meiotic recombination is not disturbed in mutants defective in the 
SC central region components, the formation of crossover recombination is disrupted 
(Colaiacovo et al. 2003).   
 
ZHP-3 
 
ZHP-3 (Zip3 homologous protein) is a meiosis specific protein in C. elegans (Jantsch et 
al. 2004).  The S. cerevisiae version ScZIP3 is part of the synapsis initiation complex 
linking recombination and synapsis together.  ZHP-3 in C. elegans, however, seems to 
have a different function.  Although the localization of ZHP-3 is overlapping that of the 
SC central region component SYP-1, ZHP-3’s localization is independent of SYP-1.  The 
zhp-3 knockout strain has normal homologous pairing and synapsis.  However, univalents 
are observed at the diakinesis.  ZHP-3 is required for DSB repair and chiasma formation 
(Colaiacovo 2006; Garcia-Muse and Boulton 2007; Jantsch et al. 2004). 
 
COM-1 
 
COM-1 in C. elegans is homologous to the mammalian repair-related protein CtIP and to 
the S. cerevisiae Com1/Sae2 recombination protein (Penkner et al. 2007a).  Similar to the 
spo-11 mutants, the com-1 mutants have normal homologous chromosome pairing and 
synapsis.  Its defects show at the diakinesis stage.  The mutant has a variable number of 
sometimes interconnected chromatin masses ranging from more than six to a single 
clump plus a few small fragments.  This clumping phenotype, however, is alleviated in 
the spo-11 com-11 double mutant.  When the DSBs are no longer induced in the com-1 
background, twelve univalents can be observed due to the lack of chiasma formation.  
Despite that DSBs are formed in the com-1 mutant, the recombination protein, RAD-51, 
is not loaded on the mutant’s meiotic chromosomes.  However, the DSBs artificially 
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induced by gamma radiation can restore RAD-51 foci in the com-1 mutant germline.  The 
data from Penkner et al suggest that C. elegans COM-1 plays a role in the generation of 
ssDNA tails that RAD-51 can load, invade homologous DNA tracts and thereby initiate 
recombination (Penkner et al. 2007a).    
 
 
 
Figure 3.  Diagram of the proteins involved in recombination during meiotic prophase in 
C. elegans (adapted from Boulton 2007). 
 
 
1.6 Coordination of the seemingly independent events in C. elegans meiosis 
prophase I 
 
In order to achieve proper chromosome segregation in meiosis I, the chromosomes need 
to find their correct partner, synapse, and recombine.  Not only do these events need to 
occur correctly but they also have to occur timely.  As mentioned above, the mutants 
involved in recombination (such as, spo-11, zhp-3, com-1, rad-51) have normal 
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homologous pairing and synapsis.  The coordination of the events in prophase I is still 
unclear.  Following, I would like to discuss a few examples of how pairing, synapsis, and 
recombination are linked; such as, kinetic proofreading mediated by pairing centers 
promotes synapsis, crossover interference is disrupted when one chromosome set is not 
paired, CRA-1’s role in omitted DSBs requirement for synapsis and HTP-3’s role in 
coupling meiotic DSB formation with homolog pairing. 
 
 
The link between pairing and synapsis is demonstrated in studies with either the 
homozygous or heterozygous X chromosome pairing center deficient mutants.  These 
mutants have reduced synapsis particularly on the X chromosomes.  Studies with either 
the homozygous or heterozygous X chromosome pairing center deficient mutants 
revealed that PC have two different roles.  One is to stabilize the pairing interaction 
between the homologs; the other is to promote synapsis (MacQueen et al. 2005).  Studies 
on other ZIM (Phillips and Dernburg 2006) mutants also reveal that pairing and synapsis 
of those affected chromosomes are disrupted (Phillips and Dernburg 2006).  MacQueen 
et al. (2005) proposed that the PCs may act in a “kinetic proofreading” mechanism 
through which they locally stabilize the homologs, evaluate for homology and then 
promote synapsis.  
 
Studies have also revealed that crossover interference is disrupted when one chromosome 
set is not paired, presenting a link between the coordination of crossover control and 
pairing.  As mentioned above, the chromatin clustering observed in transition zone cells 
can be correlated to the presence of an active pairing process in wild type.  The lack of 
the polarized TZ nuclei is also observed in various mutants with defects in homologous 
alignment: such as, chk-2, htp-1, him-3, and mtf-1/sun-1 (Couteau et al. 2004; Couteau 
and Zetka 2005; MacQueen and Villeneuve 2001; Martinez-Perez and Villeneuve 2005; 
Penkner et al. 2007b).  In a strain (meDf2) with a deficiency on the X chromosome 
pairing center,  all the autosome chromosome sets are paired properly except for the X, 
the zone of cells with polarized chromosome configuration is extended, most likely 
representing cells in early pachytene (Carlton et al. 2006).  In C. elegans, interference is 
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well maintained, as there is only one crossover per chromosome.  Carlton et al. (2006) 
measured the recombination frequency in this deficiency strain and him-8 mutant; they 
found that autosomal recombination was increased when there was an unpaired, 
unsynapsed X chromosome (Carlton et al. 2006).    They proposed that when more time 
is used for the pairing and synapsis process, the time window for recombination is also 
extended and hence the interference is disrupted.  
 
C. elegans spo-11 mutants have demonstrated that DSBs formation is not required for 
pairing and synapsis (Dernburg et al. 1998).  However, CRA-1 is a newly found protein 
required for homologous chromosome synapsis in C. elegans (Smolikov et al. 2008).  
The cra-1 null mutant has problems with the assembly of the central-region components 
as well as with homologous pairing.  In early pachytene of the mutant, the central region 
components fail to localize extensively on chromatin.  In later pachytene, the mutant is 
defective in bridging the already polymerized central region components of SC between 
the homologous chromosomes.  As a result, the homologs fall apart and univalents are 
observed in diakinesis (Smolikov et al. 2008).  When Smolikov et al (2008) made the 
cra-1 spo-11 double mutant, SYP-1 polymerization was limited.  The SYP-1 
polymerization could be rescued by artificially inducing DSBs.  The study of CRA-1 
revealed a cryptic requirement for DSB formation and repair for the polymerization of 
SC components along chromosomes in C. elegans (Smolikov et al. 2008).  In wild type 
there is no requirement for DSBs, and such requirement in the mutant may be due to an 
ancestral function of DSBs that was lost in modern C. elegans. 
   
And what about the link between DSBs formation and pairing?  Studies of HTP-3 show 
that the axial element component links DSB formation with homolog pairing during 
meiosis (Goodyer et al. 2008).  Goodyer et al. (2008) demonstrated that HTP-3 forms a 
complex with MRE-11/RAD-50 and the meiosis-specific axial element component HIM-
3.  Loss of either htp-3 or mre-11 would lead to failure to generate double strand breaks.  
Similar to the other HTP paralogs, the htp-3 mutant displays a homologous chromosome 
pairing defect.  Goodyer et al’s study on HTP-3 revealed that there exists a mechanism 
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for coupling meiotic DSB formation with homolog pairing through one of the axes-
associated component. 
 
Thus far, we only have some hints on the coordination of certain events in meiosis 
prophase I.  How the whole process of is synchronized is still a black box.  Finding out 
new players involved in prophase I will certainly be of great help to the understanding of 
the big picture. 
 
After the sequence of events in meiotic prophase, spermatocytes continue directly into 
the first and second meiotic divisions.  Oocytes, however, pause in diakinesis and the 
oocyte nucleus does not resume the meiotic divisions until after ovulation and 
fertilization have occurred.  In hermaphrodites, spermiogenesis occurs when spermatids 
are moved into the spermatheca.  In males, spermatids are stored in the seminal vesicle 
until ejaculation into the hermaphrodite.  The process of fertilization in C. elegans occurs 
within the spermatheca of the adult hermaphrodite.  The sperm entry site specifies the 
future posterior end of the embryo.  The newly fertilized egg exits its prophase arrest 
state and completes meioses I and II, extruding two polar bodies at the future anterior end 
of the embryo.  After the invariant lineage of embryogenesis, it is a new generation of 
larvae again (reviewed in Schedl 1997, and Kemphues and Strome 1997).   
 
 
1.7 Searching for new players involved in the processes 
 
Although RNA interference is a quick method to knock down candidate genes, the 
genome wide RNAi screens performed only harvested a fraction of the meiotic genes.  
The germline expressed genes seem to respond poorly to RNAi.  All the mutants 
analyzed in this thesis were harvested using forward genetic screen targeting for defects 
in meiosis.  Subsequently all of these mutant alleles had to be mapped and positionally 
cloned.  The commonly used method in our lab is the single nucleotide polymorphisms 
(SNPs) by crossing the mutants with the Hawaiian strain that contains many 
polymorphisms different to our lab strain (Wicks et al. 2001).  The SNP method relies on 
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the principles of recombination that the closer two loci are positioned, the more unlikely 
recombination would occur.  Compared to the conventional genetic mapping, SNP 
mapping gives us more ease to positionally clone mutants.   
 
A classical forward genetic screen not only allows identification of new genes but also 
can isolate special alleles (for example, hypomorphic, hypermorphic and separation of 
function alleles).  In primary screens, we took advantage of various different ways to 
detect the consequences of meiotic chromosome mis-segregation (i.e., elevated apoptosis, 
higher incidence of males and lethality).  In secondary screens, the candidate mutant 
gonads were dissected, and the chromatin was visualized with DAPI staining to examine 
the prophase I diakinesis.  As mentioned above, the presence of univalents can be caused 
by defective chromosome recognition and pairing, failure of synapsis, impaired 
recombination, faulty DSB repair, a lack of crossover formation, or chiasma maintenance.  
The following screening procedures are primary screens applied to recover the mutants 
that I worked on during my thesis.    
 
Acridine orange screen 
 
In a wild-type hermaphrodite, approximately half of the female germ cells die as 
“physiological” germ cell death.  Elevated apoptosis in the germline can be caused by 
either genotoxic stress or meiotic errors; for example, pairing defects and recombination 
defects (Gartner et al. 2004).  F2s of the mutagenized worms were soaked in acridine 
orange, a nucleic acid intercalating dye that stains apoptotic cells.  Then the candidates 
that acquired more acridine orange stains, indicating higher levels of apoptosis in the 
germline, were collected.  prom-1 was one of the candidates recovered from this screen 
(Jantsch et al. 2007). 
 
Green eggs (GFP+) and Him (high incidence of males) screen      
To identify factors involved in meiotic homology recognition, we performed a 
mutagenesis screen in C. elegans to recover mutants which mis-segregate chromosomes.  
The screening strain, TY2441 (kindly provided by Anne Villeneuve (Kelly et al. 2000)), 
 27
with Pxol-1::gfp produces embryos where X chromosome nondisjunction leads to GFP 
expression (green eggs).  5x103 mutagenized worms were single plated.  By doing so, 
mutations conferring lethality or complete sterility would be maintained as heterozygotes.  
Additionally, the screen was carried out at 25ºC to yield some temperature-sensitive 
mutants.  In contrast to the screen performed by Kelly et al, our screen was performed 
clonally.  The phenotypes of the F2 offspring were analyzed.  By keeping a heterozygous 
sibling pool, this method allows us to recover more lethal mutations.  Of 122 candidates 
that were found in the initial screening, 34 showed abnormal bivalent formation (more 
than 6, less than 12 DAPI-positive configurations) at diakinesis.  Various known mutants 
were isolated from the screen: him-3(jf39), him-3(jf40), chk-2(jf17), him-14/msh-4(jf12) 
and him-14/msh-4(jf29).  Moreover, mtf-1/sun-1(jf18) (Penkner et al. 2007b) and him-
19(jf6) are two novel pairing defective mutants harvest from this screen.  More 
candidates are still left to be mapped and characterized.   
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Figure 4.  A) Diagram of the primary screen of the Green Eggs and Him screen.  After 
5000 F1s were screen through, 241 candidate plates displayed high incidence of male 
progeny.  B) Diagram representation of the number of candidates involved in the primary 
and secondary screens.     
 
 
Ralf Schnabel’s screen 
 
From a screen designed to recover mutations that are linked to unc-32 on chromosome III, 
two alleles of com-1, t1626 and t1489, were recovered (Penkner et al. 2007a).  Ralf 
Schnabel (Institute für Genetik, TU-Braunschweig) made extensive collections of 
balanced maternal-effect embryonic lethal mutations on different chromosome arms; for 
instance, a screen on the chromosome III (Gonczy et al. 1999).  These mutant collections 
proved valuable for the study of cell division processes in early embryos.  The advantage 
of this screen is that the approximate location of the mutant alleles are already known 
which is an advantage during the cloning of the mutation.  
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1.8 Aim of this study 
 
Homologous chromosome pairing is the initial process where homologs come in contact 
with their partners before synapsis physically connects the chromosomes along their 
lengths (Loidl 1990).  The process of how the chromosomes recognize each other is still 
not well understood.  C. elegans is a good model system to study this aspect because of 
the ease of combining genetics with cytology.  The nematode is a multi-cellular animal 
organism and recombination and homolog pairing was demonstrated as genetically 
independent processes.  At the beginning of my studies, the mutants known to have 
defects in homology recognition were only chk-2 (MacQueen and Villeneuve 2001) and 
hal-2 (personal communications from Anne Villeneuve) and therefore the isolation of 
novel pairing genes was the goal of my thesis.   
 
I performed the “Green eggs (GFP+) and Him (high incidence of males) screen”.  The 
production of more mutants defective in homologous pairing would help us identify more 
players involved in the process.  mtf-1/sun-1(jf18) and him-19(jf6) are novel alleles 
recovered from this screen. 
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Results 
 
Brief description of the three papers and one manuscript attached in this thesis 
 
The mtf-1/sun-1(jf18) was characterized by Dr. Alexandra Penkner (paper attached in 
thesis).  jf18 is a novel allele for the mtf-1/sun-1 open reading frame.  The allele carries a 
glycine to valine exchange within the SUN (Sad/UNC84) domain.  The pre-existing 
knockout alleles of mtf-1/sun-1 have shortened and distorted gonads that are not suitable 
for the analysis of meiotic pairing (Penkner et al. 2007b).  The mtf-1/sun-1(jf18) mutants 
have normal-sized organized gonads that are missing a distinct transition zone.  The jf18 
allele is a better tool to study meiotic pairing than the knockout mutants.  FISH 
experiments revealed that homologous chromosome pairing is severely disrupted in the 
mtf-1/sun-1(jf18) mutant.  In the mtf-1/sun-1(jf18) gonads, the MTF-1/SUN-1 proteins are 
detected at the nuclear envelope with similar immunofluorescence intensity as the wild 
type.  However, ZYG-12 (a KASH domain bearing protein) localization is disrupted in 
the mtf-1/sun-1(jf18) mutant.  In wild-type gonads, HIM-8 (the zinc finger protein that 
localized to the X chromosome pairing center) frequently co-localizes with ZYG-12 
aggregates in the transition zone nuclei.  A hypothesis rose from this study, that the co-
localization of the PC components and ZYG-12 patches are of functional significance for 
the establishment of a chromosomal arrangement that promotes homologous pairing 
(Penkner et al. 2007b). They most likely represent chromosomal attachment sites that link 
meiotic chromosomes to the cytoplasmatic cytoskeleton that mediates the chromosomal 
movement.  This movement can be followed by time-lapse recordings of an MTF-
1/SUN-1::GFP transgene.  Chromosomal attachment plaques move vigorously during 
transition zone skating over the surface of the halfmoon shaped chromatin in transition 
zone.  Plaques move back and forth, come together and bud off those joint plaques again.  
Time-lapse recordings of an MTF-1::GFP transgene which mimics the glycine to valine 
transition in jf18 thus generating a mutated SUN domain shows that nuclear movement is 
ceased (Penker and Baudrimont personal communication).  It also demonstrates that the 
asymmetric localization of the nucleolus (during the transition zone stage) is a 
consequence of the meiotic prophase chromosome movement.  
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Another mutant found and characterized from the green egg screen was him-19(jf6), a 
novel mutant involved in homologous pairing (manuscript attached in thesis).  The him-
19(jf6) mutant displays a complex meiotic phenotype.  The mutant has a severe global 
homologous chromosome pairing defect.  Moreover, it also displays defects in SYP-1 
loading and DSBs repair.  Nonetheless, the him-19(jf6) mutant exhibits an interesting age 
dependent female specific phenotype.  The female mutants are more affected by this 
mutation than the male worms; and the mutant phenotype is more severe in older worms.  
In terms of the meiotic pairing, the immunolocalization of ZIM-3 (PC protein for 
chromosome sets I and IV) is missing in the him-19(jf6) mutant.  The role of how HIM-
19 functions in homology recognition is still unknown.  Further studies are still being 
carried out.    
 
Another project that I was involved in was the PROM-1 project (paper attached in thesis).  
prom-1, a novel mutant, was characterized by Dr Verena Jantsch.  Studies with the 
mutants revealed that PROM-1 is needed for meiotic prophase progression and 
homologous chromosome pairing (Jantsch et al. 2007). 
 
The last project that I was involved in was the COM-1 project (paper attached in thesis).  
com-1 is the C. elegans homolog of the mammalian CtIP and budding yeast Com1/Sae2 
(Penkner et al. 2007a).  The mutant allele of com-1 was a candidate found from screens 
conducted in Ralf Schnabel’s.  The characterization of the com-1 mutant was made by Dr. 
Alexandra Penkner and Zsuzsanna Portik-Dobos (paper attached in thesis).  From the 
studies performed, COM-1 plays a role in the generation of ssDNA tails that can load 
RAD-51 to invade homologous DNA tracts and thereby initiate recombination.  Similar 
to other mutants involved in the recombination aspect, the com-1 mutants have normal 
homologous chromosome pairing and synapsis (Penkner et al. 2007a). 
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We identify a highly specific mutation (jf18) in
the Caenorhabditis elegans nuclear envelope
protein matefin MTF-1/SUN-1 that provides
direct evidence for active involvement of the
nuclear envelope in homologous chromosome
pairing in C. elegans meiosis. The reorganiza-
tion of chromatin in early meiosis is disrupted
in mtf-1/sun-1(jf18) gonads, concomitant with
the absence of presynaptic homolog alignment.
Synapsis is established precociously and non-
homologously. Wild-type leptotene/zygotene
nuclei show patch-like aggregations of the
ZYG-12 protein, which fail to develop in mtf-1/
sun-1(jf18) mutants. These patches remarkably
colocalize with a component of the cis-acting
chromosomal pairing center (HIM-8) rather
than the centrosome. Our data on this mtf-1/
sun-1 allele challenge the previously postulated
role of the centrosome/spindle organizing cen-
ter in chromosome pairing, and clearly support
a role for MTF-1/SUN-1 in meiotic chromosome
reorganization and in homolog recognition,
possibly by mediating local aggregation of the
ZYG-12 protein in meiotic nuclei.
INTRODUCTION
To ensure fidelity of homolog separation during meiotic
anaphase I, most organisms rely on a physical linkage
between the two homologous chromosomes. This con-
nection results from homologous recombination events
(crossovers) during prophase I which are cytologically de-
tectable as chiasmata. Interhomolog recombination re-
quires mechanisms that allow homologous chromosomesDeveloto find each other and keep them in close juxtaposition.
Initial interactions are then stabilized by the synaptonemal
complex (SC), which locks the homologs’ axes in a zipper-
like fashion (Petronczki et al., 2003).
Chromosome pairing in most organisms is preceded by
a transient spatial reorganization of chromosomes. Chro-
mosomes attach to the nuclear envelope via their telo-
meres and concentrate in a limited region of the nucleus,
a configuration called the bouquet (Scherthan, 2001). In
budding and fission yeasts, pairing and synapsis are de-
layed in mutants impaired in their telomere attachment,
such as ndj1/tam1, taz1, or rap1 (Chua and Roeder,
1997; Conrad et al., 1997; Cooper et al., 1998; Ding
et al., 2004; Nimmo et al., 1998; Trelles-Sticken et al.,
2000). Besides its involvement in pairing and synapsis,
roles for the bouquet in chromosome interlock resolution,
regulation in recombination, and restriction of ectopic re-
combination have been proposed (Davis and Smith,
2006; Harper et al., 2004; Niwa et al., 2000; Zickler, 2006).
To date, a ‘‘classical bouquet’’ has not been observed in
Caenorhabditis elegans (Phillips and Dernburg, 2006).
Nevertheless, meiotic chromatin adopts an asymmetric
reorganization at the stage when homologous contacts
are established in the transition zone, and mutants defec-
tive in homologous pairing lack this local clustering of
chromosomes (Couteau et al., 2004; Couteau and Zetka,
2005; MacQueen and Villeneuve, 2001; Martinez-Perez
and Villeneuve, 2005). Mutants in REC-8 and SYP-1,
which are structural components of the SC, revealed
that a step of presynaptic alignment can be genetically
separated from synapsis (MacQueen et al., 2002; Pasier-
bek et al., 2001).
In C. elegans, special regions mapping to one arm of
each chromosome have been shown to promote the pair-
ing of homologs. These chromosomal segments have
been termed homology recognition regions (HRRs) or
pairing centers (PCs) (McKim, 2005). Studies with a strain
carrying deletions of the X chromosomal PC suggest both
a role in the maintenance of pairing and promotion of SC
formation (MacQueen et al., 2005). The zinc-finger proteinpmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 873
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Homolog Recognition in C. elegansHIM-8 specifically binds to the PC of the X chromosome.
Three more zinc-finger proteins, ZIM-1–3, were recently
shown to fulfill analogous functions of promoting pairing
and synapsis for the autosomes (Phillips and Dernburg,
2006).
During the bouquet stage in organisms other than
C. elegans, the area of telomere clusters usually faces
the microtubule organizing center (spindle pole body
[SPB] or centrosome) (Zickler and Kleckner, 1998). In fis-
sion and budding yeasts, components of the SPB, such
as Kms1 or Dot2, are required for bouquet formation (Jin
et al., 2002; Niwa et al., 2000; Shimanuki et al., 1997).
The telomere binding proteins Taz1 and Rap1 are
involved in redistributing the telomeres at the nuclear
envelope in Schizosaccharomyces pombe (Tomita and
Cooper, 2006). Bqt1 and Bqt2 function as linker proteins
between the chromosome ends (via Rap1) and the SPB
component Sad1. The chromosome ends are tethered
to the SPB, thereby generating a connection to a dynein
motor complex associated with Kms1 at the cytoplasmic
side of the nuclear envelope. The N terminus of Sad1
directly interacts with Bqt1. It has been proposed that dy-
nein-driven nuclear movements in concert with bundling
of chromosome ends at the SPB allow a microtubule-
mediated force emanating from the SPB to move the
chromosomes to find their partners (Chikashige et al.,
2006; Tang et al., 2006).
Sad1 belongs to a family of proteins carrying a charac-
teristic SUN (Sad1/UNC84) domain at their C terminus.
One or more transmembrane domains anchor SUN
domain proteins in the inner nuclear membrane, with the
SUN domain likely facing into the perinuclear space
(Tzur et al., 2006b). Here it acts as a nuclear receptor
and targets proteins, mostly bearing a KASH domain, to
the outer nuclear membrane (Jaspersen et al., 2006; Starr
and Fischer, 2005), thereby linking nucleoplasmic activi-
ties to the cytoskeleton. SUN domain proteins are impor-
tant for a number of biological processes, such as nuclear
positioning, centrosome attachment to the nucleus, germ-
cell development, telomere positioning, and apoptosis
(Tzur et al., 2006b).
Matefin (MTF-1)/SUN-1 is a SUN domain-containing
protein of C. elegans which localizes to the inner nuclear
membrane in germ cells and embryos (Fridkin et al.,
2004). One important function of MTF-1/SUN-1 is tomedi-
ate nuclear attachment of the centrosome via the KASH
motif-bearing protein ZYG-12 during pronuclear migration
and subsequent cell divisions (Malone et al., 2003).
In this study, we show thatmtf-1/sun-1 has an essential
role in homologous chromosome pairing in C. elegans
meiosis. Neither presynaptic homologous associations
nor nuclear reorganization is detectable. Therefore, our
functional data support a role for mtf-1/sun-1 in the initial
homolog recognition pathway. Chromosomes rather en-
gage in nonhomologous synapsis. We show that the
SUN domain is required for mediating local nuclear mem-
brane aggregation of the ZYG-12 protein in leptotene/
zygotene nuclei and propose a causal connection to the
process of homolog recognition.874 Developmental Cell 12, 873–885, June 2007 ª2007 ElsevieRESULTS
mtf-1/sun-1(jf18) Contains a Missense Mutation
in the SUN Domain
The jf18 allele of mtf-1/sun-1 was isolated in a forward
genetic screen for mutants defective in meiotic chromo-
some segregation as described in Kelly et al. (2000) and
in Experimental Procedures. Sequence analysis revealed
that jf18 carries a glycine-to-valine exchange at position
311 of MTF-1/SUN-1 (see Figure S1A in the Supplemental
Data available with this article online). The mutation is lo-
cated within the SUN (Sad1/UNC84) domain as defined
by sequence and structure conservation (Figures S1A
and S1B). The reevaluated SUN domain extends beyond
the region previously identified.
In wild-type gonads, the MTF-1/SUN-1 protein is local-
ized to the nuclear membrane of germline nuclei (Fridkin
et al., 2004). In sun-1(jf18) gonads, the MTF-1/SUN-1 pro-
tein was detected at the nuclear envelope with similar
immunofluorescence intensity as the wild-type protein
(Figure 1B), demonstrating that both the localization and
expression of MTF-1/SUN-1 are not affected by the mis-
sense mutation in mtf-1/sun-1(jf18).
mtf-1/sun-1(jf18) Displays a Meiotic Chromosome
Segregation Defect
Dissected and DAPI-stained hermaphrodite gonads of the
mtf-1/sun-1(gk199) and (ok1282) deletion mutants appear
shortened and disorganized. Nuclei are of variable size
and mitotic and meiotic stages are intermingled (Fig-
ure 1A). This is in stark contrast to the well-defined tempo-
ral and spatial order of nuclei within a wild-type gonad: ad-
jacent to the distal tip, cells are going through the mitotic
cell cycle and premeiotic replication. This is followed by
cells in leptotene/zygotene (the transition zone), with
half-moon-shaped chromatin concentrated to one side
of the nucleus. During pachytene, the chromatin redis-
perses and synapsed chromosomes can be visualized
as DAPI-positive parallel tracks. In diplotene, bivalents
condense and individualize, resulting in the formation of
six bivalents (99.38%, n = 160) in diakinesis (Figure 1A,
insertion).
mtf-1/sun-1(jf18) hermaphrodites develop gonads of
normal size and organization with respect to the timely
succession of mitotic and meiotic stages. However, a dis-
tinct transition zone is absent. A few transition zone-like
cells with a polarized chromosomal arrangement (Fig-
ure 1A, red arrows) are distributed over an expanded
area. During diakinesis, elevated numbers of DAPI-posi-
tive structures, ranging from 9 (1.63%, n = 184) to 12 com-
pact bodies (10: 10.33%; 11: 21.74%; 12, 66.3%), can be
observed. In 9.8% of diakinesis nuclei, additional small
DNA fragments are detected (Figure 1A, insertion, yellow
arrow). They disappear in the absence of SPO-11-induced
double-strand breaks (DSBs), suggesting that they result
from unrepaired recombination intermediates (1.43% in
spo-11(ok79); mtf-1/sun-1(jf18), n = 140). jf18 produces
99.93% (n = 2914; 28 hermaphrodites evaluated) inviable
progeny. Embryos are of variable size and multinucleate.r Inc.
Developmental Cell
Homolog Recognition in C. elegansFigure 1. The Meiotic Time Course and MTF-1/SUN-1 Local-
ization
(A) Time course of meiotic prophase I inmtf-1/sun-1(jf18) compared to
deletion alleles and wild-type. In contrast to deletion mutants (gk199
and ok1282), mtf-1/sun-1(jf18) hermaphrodites develop gonads of
normal size and organization with respect to the timely succession of
mitotic and meiotic stages. A distinct transition zone is missing in
mtf-1/sun-1(jf18). Some transition zone-like cells (red arrows) are dis-
tributed over an expanded area of the gonad in mtf-1/sun-1(jf18). De-
letion mutant gonads show nuclei of variable size, and successive mei-
otic stages cannot be distinguished in these gonads. Sixty-six percent
of mtf-1/sun-1(jf18) diakinesis nuclei show 12 DAPI-positive signals
(see insertions to the right), and in about 10%of diakinesis nuclei, small
spo-11-dependent DNA fragments are detected (yellow arrow). Go-
nads were dissected and DAPI stained. The scale bars represent
10 mm.
(B)MTF-1/SUN-1 localizes to the nuclear envelope of germ cells inmtf-
1/sun-1(jf18). Dissected gonads were stained with anti-MTF-1/SUN-1
antibodies. Both the nuclear envelope localization and the signal inten-
sity are comparable in wild-type and mtf-1/sun-1(jf18). The scale bar
represents 10 mm.DeveloAlthough a mutant hermaphrodite descending from a
heterozygous mother can grow to adulthood, it produces
a reduced number of eggs (x = 104.1; SD = 41.6) as com-
pared to wild-type (x = 282.1; SD = 21.8).
In conclusion, mtf-1/sun-1(jf18) displays the typical
features of meiotic pairing mutants such as the absence
of a defined transition zone, an increased number of uni-
valents at diakinesis, and high embryonic lethality.
The Meiotic Program Is Induced with Wild-Type
Kinetics in mtf-1/sun-1(jf18)
As a proliferation defect was suggested for mtf-1/
sun-1(gk199) gonads (Fridkin et al., 2004), we directly
examined premeiotic proliferation in mtf-1/sun-1(jf18) by
incorporating Cy3-labeled dUTP into newly synthesized
DNA strands. Young adult hermaphrodites were injected
with high concentrations of Cy3-labeled dUTP and its in-
corporation was scored in fixed DAPI-stained gonads. La-
beled nucleotides highlighted almost the same number of
distal cell rows in the mutant (x = 24.17) as in the wild-type
(x = 27.5) (Figure 2A). We therefore conclude that mitotic
and premeiotic DNA synthesis are not disturbed in
mtf-1/sun-1(jf18) gonads, allowing correct timely succes-
sion of mitotic and meiotic stages.
We next investigated the expression and localization of
the SC proteins HIM-3 and SYP-1. HIM-3 is an integral
component of the chromosome axis, loads shortly after
entering meiosis, and develops into continuous linear
structures during early prophase to remain associated
with chromosomes until anaphase I (Zetka et al., 1999).
Immunostaining of mtf-1/sun-1(jf18) mutant gonads
shows expression and loading of the protein onto chromo-
somes with the same kinetics as observed for wild-type
(Figure 2B). The HIM-3 staining appears as continuous
stretches along chromatin (Figure 2C) in pachytene nuclei.
SYP-1 is a component of the transversal filaments of the
SC which connect paired chromosomes after loading of
HIM-3 (MacQueen et al., 2002). The consecutive loading
of HIM-3 and SYP-1 (SYP-1 follows HIM-3) appears un-
coupled in mtf-1/sun-1(jf18) (Figure 2B, arrow). In some
cases, SYP-1 polymerization into linear structures proba-
bly precedes HIM-3 axis formation. SYP-1 protein assem-
bles onto chromosomes in thread-like structures compa-
rable to wild-type (Figure 2C). We therefore conclude that
themeiotic program is induced with wild-type kinetics and
the SC components are in place.
Furthermore, we monitored induction of DSBs by cyto-
logical detection of the temporal appearance of the re-
combination protein RAD-51 (Alpi et al., 2003; Colaiacovo
et al., 2003). In wild-type, RAD-51 becomes visible as dis-
tinct foci in nuclei of the transition zone. RAD-51 foci peak
in late zygotene/early pachytene and gradually disappear
during midpachytene. In mtf-1/sun-1(jf18), RAD-51 foci
appeared at the same time in the gonad as in wild-type
(Figure 3B) (in the area corresponding to the postreplica-
tive zone). We observed a peak of detectable RAD-51
foci in wild-type in early pachytene with an average
of five signals per nucleus (Figure 3A). In contrast topmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 875
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(A) Replication and premeiotic divisions are confined to themitotic zone inmtf-1/sun-1(jf18). Replicating cells were highlighted by the incorporation of
dUTP-Cy3. Graphs display the extent of Cy3 incorporation. Cell rows were scored positive for Cy3 incorporation when more than two nuclei were
stained (x axes: nuclear diameters after distal tip cell; y axes: % of gonads scored). Measurement of the Cy3-positive area suggests that the mitotic
zone has about wild-type length inmtf-1/sun-1(jf18) gonads (on average about three cell rows shorter thanwild-type). The scale bar represents 10 mm.
(B) Precocious loading of the SC component SYP-1. In wild-type, linear staining of SYP-1 follows axis staining with HIM-3 in the transition zone (top
panel). In themtf-1/sun-1(jf18)mutant, SYP-1-positive stretches can be detected before HIM-3 axes (bottom panel, highlighted by the white arrow).
The scale bar represents 10 mm.
(C) Axial and lateral components of the SC are loaded inmtf-1/sun-1(jf18). The chromosome axis protein HIM-3 and the SC central component SYP-1
localize to pachytene chromosomes and form extended linear structures in wild-type (top) andmtf-1/sun-1(jf18) (bottom) pachytene nuclei. The scale
bar represents 10 mm.wild-type, RAD-51 foci did not disappear by midpachy-
tene but were still detectable by late pachytene in mtf-1/
sun-1(jf18), reaching a maximum number of up to 20 (Fig-
ure 3A), consistent with an accumulation of RAD-51 on876 Developmental Cell 12, 873–885, June 2007 ª2007 Elseviemeiotic chromatin (in a spo-11-dependent manner; data
not shown). Some foci even persisted until diplotene.
We conclude that DSBs are induced with wild-type timing
but that recombination intermediates persist until later Inc.
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cating a defect in DNA repair.
mtf-1/sun-1(jf18) Is Defective in Homologous Pairing
To assess the establishment of homologous chromosome
associations, we conducted fluorescence in situ hybrid-
ization (FISH) experiments. We used probes detecting
the HRR on chromosome V (5S ribosomal probe) and
the left non-HRR-containing end of chromosome I (probe
F56C11). The degree of pairing of the X chromosome was
monitored by cytological detection of HIM-8, localizing to
the X chromosomal PC (Phillips et al., 2005). To evaluate
the degree of pairing during the successive stages of mei-
otic prophase, we subdivided the gonads into six domains
of equal length and counted the number of paired signals
(Figure 4A). In wild-type nuclei of the proliferative zone
(zone 1), only rare, coincidental homologous associations
are seen for all three chromosomes analyzed. Transition
zone nuclei (corresponding to zone 2 and partially to
zone 3) display synapsis-independent associations in up
to 75% of nuclei (MacQueen et al., 2002; Pasierbek
et al., 2001). SC-mediated pairing is achieved further on
Figure 3. Analysis of RAD-51 Staining from the Distal Tip to
the Beginning of Diplotene
(A) In contrast to wild-type, RAD-51 foci persist until late pachytene in
mtf-1/sun-1(jf18). Up to six foci are seen in early to midpachytene in
wild-type (left). RAD-51 foci accumulate in mtf-1/sun-1(jf18) gonads.
Approximately 20 RAD-51 signals are detected in late pachytene of
mtf-1/sun-1(jf18) gonads (right). The scale bar represents 10 mm.
(B) Position and extent of the RAD-51-positive region (green bars) in
the gonads of wild-type andmtf-1/sun-1(jf18)mutant animals. Gonads
were measured from the distal tip cell to the end of the pachytene zone
and normalized, and the borders of the RAD-51-positive region (de-
fined as an area where a majority of nuclei have at least one signal)
were entered.Develoin zones 4–6 with 100% of paired signals. In mtf-1/
sun-1(jf18) gonads, the number of paired signals never
exceeds the degree of pairing seen in the mitotic zone.
Anti-HIM-8 and -LMN-1 staining demonstrate that the X
chromosome remains unpaired, but the chromosome
ends localize to the nuclear envelope (Figure 4B).
Because even presynaptic alignment is absent inmtf-1/
sun-1(jf18) mutant gonads, we infer that a fully functional
SUN domain is required for chromosomes to recognize
their homologous partners.
Nonhomologous Synapsis Is Established
in mtf-1/sun-1(jf18)
At the pachytene stage of meiotic prophase, full levels
(99.7%) of homologous synapsis are reached in wild-
type (Figure 4C). Costaining of mutant gonads with anti-
SYP-1 and -HIM-8 antibodies revealed that unpaired
HIM-8 signals colocalize with SYP-1 stretches (Figure 4C)
in 95.3% of analyzed mtf-1/sun-1(jf18) nuclei. This sug-
gests that chromosomal loci become synapsed, but not
with their respective homologs.
Becausemtf-1/sun-1(jf18) does not display presynaptic
alignment, it appears as thoughmtf-1/sun-1(jf18) chromo-
somes are unable to recognize their homologous partner
and that synapsis is established randomly due to the in-
herent property of the SC transverse filaments to attach
to chromosome axes (Loidl, 1991). Alternatively, prema-
ture assembly of the SC might stabilize nonhomologous
associations in mtf-1/sun-1(jf18) gonads. To distinguish
between these two possibilities, we determined the level
of pairing in an mtf-1/sun-1(jf18); syp-2(ok307) double-
mutant background, which is unable to achieve synapsis,
thereby avoiding nonhomologous contacts to be ‘‘trap-
ped’’ by precocious SC formation (Colaiacovo et al.,
2003).Whereas the percentage of paired HIM-8 signals in-
creased in the double mutant as compared to the single
mtf-1/sun-1(jf18) mutant, the level of pairing observed
for the syp-2(ok307) single mutant was not reached
(Figure 4D). This places mtf-1/sun-1 upstream of syp-2
and is consistent with the lack of a transition zone in the
double mutant (data not shown).
We also tested the level of pairing by FISH analysis,
using the 5S autosomal probe. In the mtf-1/sun-1(jf18);
syp-2(ok307) doublemutant, pairing rose to an even lesser
extent as observed for the X chromosome. Together, we
conclude that homologs are unable to recognize each
other in the first place rather than being prevented from
pairing by precocious indiscriminate SC formation.
The Meiotic Pairing Checkpoint Is Not Activated
in mtf-1/sun-1(jf18)
The study of apoptosis inmtf-1/sun-1(jf18) gonads is inter-
esting for two reasons. First, the mtf-1/sun-1 gene has
been implicated in the execution of apoptosis itself by
translocating CED-4, a core component of the apoptotic
machinery, to the nuclear envelope (Tzur et al., 2006a).
Second, it is interesting to analyze whether the DNA dam-
age or the pairing checkpoint is activated in the presence
of nonhomologous synapsis (Meier and Gartner, 2006).pmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 877
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the nucleic acid staining dye acridine orange and scored
apoptotic germline cells (Gartner et al., 2004).
As listed in Table 1,mtf-1/sun-1(jf18)mutants display el-
evated levels of apoptosis. On average, 12.4 ± 4.7 apopto-
tic nuclei are counted per gonad arm (n = 57), which is
comparable to levels induced in the syp-2(ok307) mutant
(11.4 ± 5.5 nuclei, n = 15). In contrast, only 6.5 ± 2.0 (n =
48) and 4.6 ± 2.3 (n = 22) nuclei are apoptotic in the
wild-type and spo-11(ok79), respectively. Apoptotic levels
drop to the same level of 4.0 ± 1.9 acridine orange-positive
bodies in the mtf-1/sun-1(jf18); spo-11(ok79) double mu-
tants (n = 41). Consistently, the inactivation of the meiotic
pairing checkpoint pch-2(tm1458) in mtf-1/sun-1(jf18)
does not change apoptotic levels (11.7 ± 4.4, n = 22).
Altogether, this suggests that elevated germline apo-
ptosis in themtf-1/sun-1(jf18)mutant exclusively depends
on the induction of DSBs and that the pch-2-dependent
pairing checkpoint is not activated.
ZYG-12 Localization to the Nuclear Envelope
in Germline Nuclei Is Strongly Reduced
in mtf-1/sun-1(jf18)
The zyg-12 gene produces three alternatively spliced iso-
forms (A, B, C), which are identical over the first 730 amino
acids. At their C terminus, only the longer isoforms B and
C carry a predicted transmembrane domain that is fol-
lowed by a KASHmotif. A GFP fusion expressing isoforms
B and C can be detected both at the nuclear envelope and
the centrosome, whereas isoform A is only found at the
centrosome (Malone et al., 2003).
A ZYG-12 antibody directed against the N terminus de-
tecting all isoforms strongly stains the nuclear envelope in
germline nuclei in the wild-type (Malone et al., 2003). In
contrast, in mtf-1/sun-1(jf18), ZYG-12 staining is stronglyDeveloreduced if not absent at the nuclear envelope. Rather, it
forms bright dots displaced from the nuclear envelope;
some are clearly in the cytoplasm or endoplasmic reticu-
lum (Figure 5A). This observation was confirmed by the
detection of GFP fusion proteins expressing the A, B,
and C isoforms (referred to as ZYG-12A,B,C::GFP). Inter-
estingly, the GFP-tagged version of ZYG-12 allows a de-
tection of ZYG-12 at a higher resolution. In the transition
zone, the GFP fusion proteins can be detected in areas
with intensified staining, and one to three of these patches
are observed per nucleus (Figure 5A). Comparable aggre-
gates could also be observed for MTF-1/SUN-1::GFP at
the same meiotic stage (data not shown). ZYG-12A,B,
Table 1. Germline Apoptosis inmtf-1/sun-1(jf18)
Acridine Orange-Positive Nuclei/Gonad Arm
Wild-type 6.46 ± 2.01 n = 48
mtf-1/sun-1(jf18) 12.37 ± 4.74 n = 57
spo-11(ok79) 4.64 ± 2.3 n = 22
mtf-1/sun-1(jf18); spo-11(ok79) 4.02 ± 1.89 n = 41
syp-2(ok307) 11.4 ± 5.53 n = 15
mtf-1/sun-1(jf18); pch-2(tm1458) 11.73 ± 4.41 n = 22
pch-2(tm1458) 5.9 ± 2.49 n = 25
Age-matched hermaphrodites were stained with acridine or-
ange and apoptotic corpses were counted per gonad arm.
The level of apoptosis in mtf-1/sun-1(jf18) mutants is compa-
rable to syp-2(ok307), which lacks the homologous partner for
the repair process. Apoptosis in mtf-1/sun-1(jf18) is depen-
dent on the induction of DSBs. spo-11(ok79); mtf-1/sun-
1(jf18) double mutants display apoptotic bodies comparable
to the spo-11(ok79) single mutant. Elimination of the pch-2
checkpoint in mtf-1/sun-1(jf18) does not affect apoptosis.Figure 4. Analysis of Homologous Pairing in mtf-1/sun-1(jf18)
(A)mtf-1/sun-1(jf18)mutants are defective in homologous pairing. Gonads were divided into six zones (x axes), and the percentage of paired signals
(y axes) was determined by scoring FISH signals with probes to the 5S ribosomal locus (chromosome V/HRR; zone 1: n = 81 [wild-type]/62 [mtf-1/
sun-1(jf18)], zone 2: 106/205, zone 3: 126/274, zone 4: 145/277, zone 5: 129/118, zone 6: 76/79) and a probe (cosmid F56C11) to the left end of chro-
mosome I (chromosome I/non-HRR; zone 1: n = 30 [wild-type]/74 [mtf-1/sun-1(jf18)], zone 2: 40/43, zone 3: 53/93, zone 4: 70/100, zone 5: 84/72, zone
6: 48/30). Immunostaining against HIM-8 protein detects pairing at the HRR of the X chromosome (zone 1: n = 71 [wild-type]/77 [mtf-1/sun-1(jf18)],
zone 2: 202/135, zone 3: 210/176, zone 4: 175/156, zone 5: 114/100, zone 6: 38/58). Zones 1 and 2 contain cells from the mitotic zone; transition zone
cells are mainly scored in zone 2 and to a lesser extent in zone 3. Zones 4–6 are composed of pachytene cells. Note that the level of paired signals in
mtf-1/sun-1(jf18) never rises above the levels of random associations in mitosis. Therefore, mtf-1/sun-1(jf18) mutants do not establish presynaptic
alignment.
(B) Pachytene (top) and transition zone (bottom) nuclei probedwith probes against 5S rDNA (top) and anti-HIM-8 antibody (bottom). Signals are paired
in the wild-type, whereas signals inmtf-1/sun-1(jf18) are unpaired. Nuclei with highlighted HIM-8 are costained with anti-LMN-1 to mark the nuclear
envelope. Note that even unpaired HIM-8 signals are still detectable in close proximity to the nuclear envelope. The scale bar represents 5 mm.
(C) Synapsis is nonhomologous inmtf-1/sun-1(jf18). Top: pachytene cells were immunostained for SYP-1 andHIM-8. Inmtf-1/sun-1(jf18), themajority
of signals can be detected in association with SYP-1. The scale bar represents 10 mm. Bottom: quantification of scored signals—categories counted
were: 1 (orange), HIM-8 signals paired in association with SYP-1; 2 (violet), HIM-8 signals paired, no association with SYP-1; 3 (red), HIM-8 signals
unpaired, both signals in association with SYP-1; 4 (light blue), HIM-8 signals unpaired, no association with SYP-1; and 5 (purple), HIM-8 signals un-
paired, one signal in association with SYP-1.
(D) Preventing SC formation slightly improves pairing of the X chromosome and to a lesser extent pairing of an autosome in mtf-1/sun-1(jf18). In
contrast to syp-2(ok307), however, a prolonged transition zone is not seen inmtf-1/sun-1(jf18); syp-2(ok307) (data not shown). Gonads were divided
into six zones (x axes) and the percentage of paired signals (y axes) was determined by scoring FISH signals with probes to the 5S ribosomal locus
(chromosome V/HRR; zone 1: n = 53 [syp-2(ok307)]/33 [mtf-1/sun-1(jf18); syp-2(ok307)], zone 2: 62/39, zone 3: 55/44, zone 4: 63/67, zone 5: 67/51,
zone 6: 35/35) and HIM-8 signals (chromosome X/HRR; zone 1: n = 70 [syp-2(ok307)]/79 [mtf-1/sun-1(jf18); syp-2(ok307)], zone 2: 124/125, zone 3:
172/134, zone 4: 186/122, zone 5: 116/88, zone 6: 39/63). Quantification of pairing levels reveals that inhibition of SC formation ameliorates the extent
of X chromosomal homologous associations and to a lesser extent associations of LGV.pmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 879
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Homolog Recognition in C. elegansFigure 5. Impact of a Mutated SUN Domain of mtf-1/sun-1 on ZYG-12 and Centrosome Localization
(A) Nuclear envelope localization of ZYG-12 is reduced inmtf-1/sun-1(jf18). Left: immunostaining with anti-ZYG-12. The ZYG-12 protein is detectable
at the nuclear envelope in wild-type germ cells (top). ZYG-12 staining is strongly reduced at the nuclear envelope inmtf-1/sun-1(jf18) gonads (bottom).
The protein can be detected released from the nuclear envelope in the cytoplasm. Transition zone nuclei are shown. Right: ZYG-12A,B,C::GFP iso-
forms detected with anti-GFP. Wild-type transition zone nuclei (top) show staining at the nuclear envelope with local enrichment of the signal. One to
three of these membrane aggregates (yellow arrows) can be detected per nucleus. In mtf-1/sun-1(jf18) (bottom), most of the signal at the nuclear
envelope is lost and forms bright dots.
(B and C) Localization of the centrosome. Centrosomes were detected with anti-SPD-5. (B) In wild-type embryos, centrosomes are in close proximity
to the nuclear envelope in interphase (top). Centrosomes detach from nuclei inmtf-1/sun-1(jf18) embryos (bottom). (C) The centrosomal component
SPD-5 is detectable in close proximity to the nuclear envelope (MTF-1/SUN-1) in wild-type and mtf-1/sun-1(jf18) gonads.
(D) Colocalization of the nuclear membrane aggregates of ZYG-12 with the PC/HRR component HIM-8. Wild-type transition zone nuclei are shown.
ZYG-12 nuclear membrane aggregates are highlighted with anti-GFP in the ZYG-12A,B,C::GFP line. Of HIM-8 signals, 94.5% (n = 110) show colo-
calization with a ZYG-12 nuclear membrane aggregate. HIM-8 signals were vertically shifted to demonstrate the colocalization more clearly.
The scale bars represent 10 mm.C::GFP cannot be detected at the nuclear envelope in the
mtf-1/sun-1(jf18) background, and the ZYG-12 nuclear
envelope-associated aggregates are lost (Figure 5A),
although the transgene is expressed in the mtf-1/
sun-1(jf18) mutant background (see Figure S2).
Coimmunostaining of HIM-8 and ZYG-12A,B,C::GFP
in wild-type revealed a colocalization of HIM-8 with a880 Developmental Cell 12, 873–885, June 2007 ª2007 ElsevieZYG-12 aggregate in 94.5% (n = 110) of transition zone
nuclei (Figure 5D).
We hypothesize that the colocalization of a PC compo-
nent and a ZYG-12 patch is of functional significance for
the establishment of a chromosomal arrangement that
promotes homologous pairing. The absence of ZYG-12
nuclear membrane aggregates in the mtf-1/sun-1(jf18)r Inc.
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failure in homolog recognition.
A Spatial Correlation between the Centrosome
and ZYG-12/HIM-8 Aggregations Is Absent
We wanted to determine whether the absence of ZYG-12
at the mtf-1/sun-1(jf18) nuclear envelope causes centro-
somes to lose attachment to the nuclear envelope. As a
centrosomal marker, we used antibodies against the cen-
trosome maturation protein SPD-5, which localizes within
the pericentriolar material (Hamill et al., 2002). Consistent
with the model for ZYG-12/MTF-1-dependent centro-
some attachment to the nucleus, we found centrosomes
detached from the nucleus in mtf-1/sun-1(jf18) embryos.
Figure 5B shows wild-type and mutant embryos in the
stages of the cell cycle where centrosomes would be at-
tached in wild-type (pronuclear migration or interphase).
Although the first meiotic division is acentriolar in the fe-
male germline, centrosomes (or remnants thereof) can
be detected in close proximity to germline nuclei until
the end of pachytene in wild-type. SPD-5 signals in the
germline and embryos overlap with SAS-4 (a centriolar
component) and TBG-1::GFP (g-tubulin::GFP) signals
(data not shown). In contrast to early embryos, the SPD-5
signal remains closely associated with the nuclear mem-
brane in nuclei of the mutant germline, even when prepa-
rations were harshly treated to release nuclei from the
germline syncitium (Figure 5C). Strikingly, costaining of
SPD-5 and ZYG-12A,B,C::GFP revealed that ZYG-12
nuclear membrane aggregates fail to colocalize with the
centrosome (colocalization of 7.6%, n = 92) in wild-type,
which is consistent with the lack of overlap of HIM-8 and
SPD-5 signals (data not shown). Altogether, this shows
that cis-acting components of chromosomal PCs (such
as HIM-8) show a strong colocalization with ZYG-12 nu-
clear membrane aggregates rather than with the centro-
some itself.
DISCUSSION
The C. elegans germ cell-specific nuclear envelope pro-
tein MTF-1/SUN-1 has been reported to play a role in
germline development, centrosome attachment to the nu-
cleus, and apoptosis (Tzur et al., 2006b). The mtf-1/sun-1
allele jf18 bearing a missense mutation in the SUN domain
substantiates a role forMTF-1/SUN-1 in establishing initial
homologous contacts in female meiotic prophase I.
The Meiotic Time Course in mtf-1/sun-1(jf18)
In contrast to very severe germline defects observed in
two independent mtf-1/sun-1 deletion alleles, the meiotic
program is initiated with wild-type kinetics in mtf-1/sun-
1(jf18). Mutant gonads are of normal size and display nor-
mal organization with respect to the timely succession of
mitotic and meiotic nuclei. Both premeiotic cell divisions
and replication are confined to the same compartment in
the mutant gonad as in wild-type. Lateral and central ele-
ment proteins of the SC are expressed and loaded onto
chromatin during leptotene/zygotene, although the properDevelosuccession of loading (HIM-3 before SYP-1) appears dis-
turbed. Our study clearly shows that MTF-1/SUN-1 is not
essential for the establishment of synapsis.
Recombination appears to be initiated as recombina-
tion intermediates, detectable as RAD-51 foci, appear at
the same stage as in wild-type, although they accumulate
and persist even until diplotene (data not shown). In this
mutant background, the barrier to use the sister as a repair
template seems to be sustained. Absence of RAD-51 foci
at diakinesis, however, suggests that the breaks are even-
tually repaired, or alternatively that RAD-51 is displaced
from chromatin.
Nonhomologous Pairing in mtf-1/sun-1(jf18)
During the entire prophase I, the degree of homologous
associations never rises above the level scored in the pre-
meiotic zones. Neither presynaptic alignment nor clear
nuclear reorganization is detectable. Chromosomes
proceed into nonhomologous synapsis immediately after
replication.
Suppressing potentially erroneous synapsis in the
absence of SYP-2 moderately improves pairing in the
mtf-1/sun-1(jf18) mutant. In the mtf-1/sun-1(jf18); syp-
2(ok307) double mutant, the polarized appearance of
chromatin as observed in the syp-2(ok307) mutant is not
restored, placingmtf-1/sun-1 upstream of synapsis initia-
tion. The fact that homolog associations cannot be fully
restored in the double mutant clearly assigns a role in
homolog recognition to mtf-1/sun-1. We speculate that
prolonging the time window for establishing homologous
contacts causes the slight amelioration of homologous
pairing in the double mutant.
Extensive nonhomologous synapsis has also been ob-
served in the htp-1 mutant, where SC components are
prematurely loaded onto chromatin. The HTP-1 protein
is believed to inhibit SC assembly until true homologous
contacts have been established (Martinez-Perez and Ville-
neuve, 2005). The observation that chromosomes engage
in nonhomologous synapsis inmtf-1/sun-1 (accompanied
by the uncoupling of consecutive HIM-3 and SYP-1 load-
ing) would mean that HTP-1-mediated inhibition of SC as-
sembly is not active in this mutant background. Figure 6
shows an illustrative model indicating that mtf-1/sun-1
acts upstream or is part of a checkpoint that monitors syn-
apsis to take place only between respective homologs.
Germline Apoptosis in mtf-1/sun-1(jf18)
Recently, a role for MTF-1/SUN-1 in apoptosis has been
demonstrated (Tzur et al., 2006a). We could show that
the mutation in the SUN domain in mtf-1/sun-1(jf18)
does not affect the induction of germline apoptosis.
Indeed, we scored apoptotic levels comparable to SC
mutants. By eliminating SPO-11-induced DSBs in mtf-1/
sun-1(jf18), apoptosis is reduced to the same levels as
in the spo-11(ok79) mutant. We therefore suggest that it
is the DNA damage rather than the pch-2-dependent
meiotic pairing checkpoint which is active in mtf-1/sun-
1(jf18). In addition, the pairing checkpoint is not active in
the htp-1(gk174) mutant (data not shown). Possibly fullpmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 881
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checkpoint. Alternatively, it has been shown that the ab-
sence of both X chromosomal PCs or a him-8 mutant
background does not activate the pch-2-dependent
checkpoint. The mutant background of mtf-1/sun-1(jf18)
might mimic a situation of ‘‘absence of both PCs.’’
Effect of a Mutated SUN Domain on ZYG-12
The mutant protein in mtf-1/sun-1(jf18) has a missense
mutation in the SUN domain which does not alter the sub-
cellular localization of the protein to the nuclear envelope.
However, ZYG-12 cannot (or only very weakly) be de-
tected at the nuclear envelope inmtf-1/sun-1(jf18)mutant
gonads. mtf-1/sun-1(jf18) mutant hermaphrodites pro-
duce over 99% dead embryos. Centrosome detachment
from the nuclear envelope in embryos in addition to aneu-
ploidy due to meiotic chromosome missegregation most
likely accounts for the high lethality.
Figure 6. Illustrative Model for MTF-1/SUN-1’s Potential Role
in the Homolog Search
During zygotene, chromosomes attach to the nuclear envelope (via still
uncharacterized factors, factor X) inC. elegans. MTF-1/ZYG-12 aggre-
gates form where PC proteins, such as HIM-8, preferentially localize. It
remains to be shown whether PC proteins cause aggregate formation
or whether PC proteins are attracted to the MTF-1/ZYG-12 aggre-
gates. MTF-1/ZYG-12 aggregates do not coincide with centrosomes
which do not contribute any obvious activity for homolog recognition
in worms. Chromosome movement during zygotene enables chromo-
somes to meet their respective partners. At MTF-1/ZYG-12 aggre-
gates, chromosomes perform a homology check. If theymatch, move-
ment is ceased and synapsis can start. If the homology match fails,
movements and the homology search continue. In the mtf-1/sun-
1(jf18) mutant, ZYG-12 nuclear envelope aggregates do not form
and therefore the homology check cannot be performed, resulting in
nonhomologous synapsis. For simplicity, only two chromosomes are
drawn. INM, inner nuclear membrane; ONM, outer nuclear membrane.882 Developmental Cell 12, 873–885, June 2007 ª2007 ElseviePremeiotic divisions appear to take place normally, as
no aneuploidy could be detected by FISH (data not
shown). Additionally, the centrosome could always be
detected in close proximity to the nuclear envelope in the
whole gonad of mtf-1/sun-1(jf18) mutants. Most likely, ei-
ther premeiotic divisions do not strictly depend on mtf-1/
sun-1 or sufficient maternally provided wild-type product
is available from the heterozygously balanced mother to
perform these divisions.
The Centrosome Itself Does Not Contribute
to Pairing
This study shows that there is no colocalization of the cen-
trosomewith the X chromosomal PC in the transition zone.
However, HIM-8 rather colocalizes with nuclear mem-
brane aggregates of ZYG-12 in the transition zone, where
homologous pairing is initiated. This local aggregation of
ZYG-12 depends on a functional SUN domain, thereby
suggesting a causal relationship to the presynaptic align-
ment of homologous chromosomes in leptotene/zygotene
in C. elegans. Temperature-shift experiments of a zyg-12
ts allele resulting in loss of chromosome pairing support
this causal connection (data not shown). The observation
that the centrosome itself might not play a role in homolo-
gous pairing has been substantiated by the analysis of
centrosomemutants such as spd-2 ts and spd-5 ts, where
we did not observe a pairing defect (data not shown).
The insignificance of the centrosome is at variance with
observations in yeasts and animals, where the centro-
some’s counterparts are crucial for the organization of
the bouquet that facilitates chromosome pairing. Interest-
ingly, plants do not have a defined microtubule organizing
center at the bouquet stage, but low concentrations of
colchicine can inhibit telomere movement followed by de-
fects in synapsis (Cowan and Cande, 2002). This repre-
sents another example that the centrosome itself might
not provide the components to facilitate the search for
homologous chromosomes.
ZYG-12 has been shown to interact with the dynein sub-
unit (DLI-1). Localization of dynein to the nuclear envelope
is dependent on zyg-12 (Malone et al., 2003). The fact that
dynein is a microtubule motor protein reinforces the spec-
ulation that mtf-1/sun-1-dependent local aggregation of
ZYG-12 generates dynein-dependent microtubule forces
that support the chromosome movement necessary for
homolog recognition. Nonhomologous synapsis in mtf-1/
sun-1(jf18) suggests that this force acts in a way inhibitory
to the establishment of synapsis unless true homologs are
juxtaposed (Figure 6).
The finding that HIM-8 signals are detectable close to
the nuclear envelope inmtf-1/sun-1(jf18) is in accordance
with a previous observation that tethering chromosome
ends to the nuclear envelope is not sufficient to accom-
plish chromosome pairing (Phillips et al., 2005).
Here we have shown that a mutation in mtf-1/sun-1’s
SUN domain results in the absence of presynaptic align-
ment and meiotic nuclear reorganization. Thus, the
nuclear envelope protein MTF-1/SUN-1 is absolutely re-
quired for meiotic chromosomes to find their homologousr Inc.
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quet mutants (such as sad1 and ndj1) which display
a more moderate defect, only a delay in pairing. Yeasts
most likely also rely on recombination-dependent homol-
ogy search mechanisms. It will be interesting to see how
SUN domain proteins from higher vertebrates functionally
relate to matefin/SUN-1. Strikingly, the vertebrate nuclear
envelope protein Sun2 concentrates to nuclear envelope
attachment sites of meiotic telomeres (Schmitt et al.,
2007).
EXPERIMENTAL PROCEDURES
Nematode Strains and Culture Conditions
All C. elegans strains were cultured using standard techniques
(Brenner, 1974).
The following C. elegans strains were used: N2 Bristol, TY2441
(a kind gift of Anne Villeneuve), VC292 mtf-1/sun-1(gk199) (Fridkin
et al., 2004), RB1276mtf-1/sun-1(ok1282), AV106 spo-11(ok79) (Dern-
burg et al., 1998), AV276 syp-2(ok307) (Colaiacovo et al., 2003), CA388
pch-2(tm1458) (Bhalla and Dernburg, 2005) and WH223 ojIs9 [zyg-
12ABC::GFP unc-119(ed3)]; unc-119(ed3) (provided by Chris Malone)
(Malone et al., 2003), and OD44 GFP::TBG-1 (provided by Alex Dam-
mermann). Some nematode strains used in this work were provided
by the Caenorhabditis Genetics Center, which is funded by the NIH
National Center for Research Resources.
The mtf-1/sun-1(jf18) allele was recovered from an ethane methyl
sulfonate (EMS) mutagenesis screen performed with the strain
TY2441. After EMS mutagenesis, F1 individuals were single plated
and F2 hermaphrodites were scored for the occurrence of green
eggs (expressing pxol-1::GFP). Meiotic mutants were recovered as
heterozygously balanced animals. By using the SNP-Snip mapping
technique, we could locate the mutation on LGV right arm. In more de-
tail, jf18 mapped to a 567 kb region on segment 13 (http://genome.
wustl.edu/genome/celegans/celegans_snp.cgi/). The whole mutant
locus (mft-1/sun-1(jf18)) has been sequenced multiple times and has
only this G-to-V transition. No additional deviations from the wild-
type sequence have been found. The mtf-1/sun-1(jf18) allele fails to
complement the two deletion alleles mtf-1/sun-1(gk199) and mtf-1/
sun-1(ok1282). The mutant allele was 53 outcrossed and balanced
by the nT1[qIs51] (IV;V) balancer. All analyses presented were carried
out with homozygous hermaphrodites descending from balanced
mothers.
In Situ Detection of DNA Replication by Incorporation of dUTP
Gonads of immobilized animals were injected with 300 pM Cy3-
labeled dUTP (AmershamBiosciences, Little Chalfont, UK) in phosphate
buffer (pH 7). Worms were recovered in M9 buffer for 30 min and then
transferred to a plate. Gonads were dissected and DAPI stained (see
below) after about 2 hr of exposure to the nucleotides. The incorpora-
tion of nucleotides into nuclear DNA was directly observed by fluo-
rescence microscopy. For the wild-type as well as for the mtf-1/
sun-1(jf18) mutant, 12 gonads were evaluated (from 11 independent
hermaphrodites for wild-type and 10 for the mutant).
Cytological Preparation of Gonads and Immunostaining
Hermaphrodite gonads were dissected and fixed as described in
Martinez-Perez and Villeneuve (2005). For chromatin staining, the
preparations were mounted in Vectashield antifading medium (Vector
Laboratories, Burlingame, CA) containing 2 mg/ml 40,6-diamidino-
2-phenylindole (DAPI).
For immunostaining, gonads were blocked in 3% BSA/13 PBS
for 20 min. The primary antibodies were applied overnight at 4C.
Antibodies were diluted in 13 PBS/0.01% sodium azide as follows:
anti-SYP-1 1:50, anti-RAD-51 1:80, anti-HIM-3 1:400, anti-HIM-8
1:500, anti-ZYG-12 1:150, anti-LMN-1 1:400, anti-MTF-1/SUN-1Develo(antibody against an N-terminal peptide) 1:100, anti-GFP 1:300, anti-
SAS-4 1:200, and anti-SPD-5 1:2000.
After three washes in 13 PBST (13 PBS, 0.1% Tween 20), second-
ary antibodies were applied (anti-rabbit-FITC 1:300, anti-rabbit-Alexa
488 1:400, anti-rabbit-DyLight 1:600, anti-guinea pig-Alexa 568
1:500, anti-rat-Cy3 1:300, and anti-goat-Alexa 488 1:400) for 90 min
at room temperature. After washes in PBST, samples were mounted
as above.
Fluorescence In Situ Hybridization
The cosmid F56C11 and PCR-amplified 5S rDNAwere used as probes
for the left end of chromosome I and the right end of chromosome V.
Cosmid DNAwas labeled with digoxigenin-11-dUTP using the BioNick
Labeling system (Life Technologies, Rockville, MD). The 5S rDNA was
labeled by PCR with digoxigenin-11-dUTP.
FISH was performed as described in Pasierbek et al. (2001). Hybrid-
ized digoxigenin-labeled probes were detected with FITC-conjugated
anti-digoxigenin antibodies (1:100). Preparations were mounted in
Vectashield/DAPI.
Microscopy and Evaluation
A Zeiss Axioskop epifluorescencemicroscope was used. Imageswere
recordedwith a cooled CCD camera (Photometrics, Tucson, AZ). Eval-
uation of cytological phenotypes was performed in animals kept
at 20C 18–24 hr post-L4. Three-dimensional stacks of images
were taken (MetaVue software, Universal Imaging, Downingtown,
PA), deconvolved (AutoDeblur software, AutoQuant Imaging, Troy,
NY), and projected (Helicon Focus software; http://helicon.com.ua/
heliconfocus/). Artificial coloring and merging were undertaken with
the help of Adobe Photoshop 7.0 software (Adobe Systems).
Monitoring Apoptotic Germline Nuclei
Worms were selected on 35 mm plates and placed into 0.5 ml acridine
orange staining solution (Molecular Probes A-3568, 50 mg/ml in M9
buffer; Molecular Probes, Paisley, UK), kept in the dark for 1 hr, and
then washed with M9 and transferred to a new plate and scored after
45 min (Gartner et al., 2004).
Supplemental Data
Supplemental Data include two figures and are available at http://
www.developmentalcell.com/cgi/content/full/12/6/873/DC1/.
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Abstract: 
 
From a screen for meiotic mutants based on the high incidence of males, we isolated a 
mutant with multiple defects in meiotic chromosome pairing.  The mutation mapped to a 
novel gene, him-19, encoded by Y95B8A.11.  With increasing age, mutant him-19(jf6) 
hermaphrodites display an aggravation of phenotypes.  In feminized him-19(jf6) worms 
defects are more serious; whereas, in male him-19(jf6) worms meiosis is only mildly 
affected.  This suggests that the gene is more important for female than male meiotic 
events and that a him-19-dependent factor promoting normal meiosis is depleted during 
the production of occytes.  him-19 knockdown worms and a deletion allele also display 
age-dependent deterioration of meiosis indicating that the aging effect is not due to 
partially functional mutant protein.  In older mutant animals association of homologous 
loci and bivalent formation as assessed by FISH and HIM-8 immunostaining are reduced.  
SC formation is limited and involves nonhomologous chromosomes.  Formation of foci 
of the recombination protein RAD-51 occurs delayed or ceases altogether.  These defects 
suggest that HIM-19 is important for both, homology recognition and DSB formation.  It 
therefore seems to be engaged in an early meiotic event in meiosis, resembling in this 
respect the regulator CHK-2.  Characterization of him-19 might contribute to 
understanding age-dependent meiotic malfunctioning in human females as well. 
 
 
 
Introduction 
 
Meiosis is a specialized cell division which diploid organisms use to generate haploid 
gametes.  The halving of the chromosome number is achieved by one round of DNA 
replication and two consecutive rounds of divisions (meiosis I and meiosis II 
respectively).  In meiosis I, the reductional division, the homologous centromeres are 
segregated; in meiosis II, the equational division, the sister centromeres are segregated.  
Defects in chromosome segregation can result in aneuploidy, the culprit of reproductive 
failure and congenital birth defects.  In humans, there are strong correlations between 
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maternal age and occurrence of trisomies.  However, how maternal age increases 
aneuploidy is not fully elucidated although weakened cohesion and failure in check-point 
control have been suggested to contribute to aging effects (Hunt and Hassold 2008).  To 
ensure the fidelity of chromosome segregation in meiosis I, a series of events have to be 
executed and coordinated accurately during prophase I: the homologous chromosomes 
have to find their correct partners, assemble the synaptonemal complex (SC) proteins 
forming synapsis to stabilize the homologous pairing, and achieve meiotic recombination 
to make a physical link between the homologs (Petronczki et al. 2003).  Mechanisms to 
bring homologous chromosomes together are generally divided into two categories: DNA 
double strand break (DSB) dependent ones and those that are DSB independent.  DSB-
dependent homolog juxtaposition might be achieved through single-stranded DNA 
molecules invading the homolog, thereby scanning for complementarity resulting in the 
stabilization of recombination intermediates (Peoples-Holst and Burgess 2005; Zickler 
2006).  The subset of DSBs destined to mature into crossovers become SC initiation sites 
(Fung et al. 2004).  
 
C. elegans spo-11 null mutants are unable to make DSBs, yet they are still able to achieve 
homologous chromosome pairing and assemble the SC in a wild type manner (Dernburg 
et al. 1998).  Furthermore, in C. elegans chromosomal so-called pairing centers (PCs) 
promote both homology recognition and synapsis.  The PCs are located at one end of 
each chromosome and act in a proofreading mechanism: upon verification that the correct 
homolog is found the initial interaction is stabilized by synapsis (MacQueen et al. 2005; 
Phillips and Dernburg 2006; Phillips et al. 2005).  ZIM proteins (ZIM-1, 2, 3, and HIM-8) 
interact with the PCs in a chromosome-specific manner and are always found at the 
nuclear envelope.  Several mutants such as htp-1, mtf-1/sun-1 or syp-3 strongly suggest 
that pairing and synapsis are highly regulated thereby restricting pairing to proper 
homologous axes (Couteau and Zetka 2005; Martinez-Perez and Villeneuve 2005; 
Penkner et al. 2007; Smolikov et al. 2007b).  
 
The synaptonemal complex (SC) aligns along the axis of homologous chromosomes and 
“zips” them up like a zipper (Colaiacovo 2006; Page and Hawley 2004).  Its tripartite 
structure consisting of two lateral elements containing HIM-3 (Couteau et al. 2004) and 
HTP-3 (Goodyer et al. 2008) and a central element consisting of SYP-1, 2, and 3 
(Colaiacovo et al. 2003; Smolikov et al. 2007a; Smolikov et al. 2007b).  In wildtype, the 
SC locks the homologous chromosomes together after they have found the correct partner.  
However, the high tendency to self-assemble irrespective of homology, requires tight 
regulation of SC assembly to avoid locking with the wrong partner (Couteau and Zetka 
2005; Loidl 1994; Martinez-Perez and Villeneuve 2005; Smolikov et al. 2007b; Zickler 
and Kleckner 1999).  Pairing centers and associated ZIM proteins have a proofreading 
ability to promote synapsis only when the right homolog is found (MacQueen et al. 2005; 
Phillips and Dernburg 2006; Phillips et al. 2005).  Studies on translocation heterozygous 
strains have shown that synapsis initiates near homologous pairing centers to polymerize 
to the nonhomologous side (MacQueen et al. 2005).  Moreover, HTP-1, a paralog of the 
axial element HIM-3, is known to play a role in coordinating homologous chromosome 
pairing and synapsis (Couteau and Zetka 2005; Martinez-Perez and Villeneuve 2005).     
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Here we describe a novel gene, him-19, which we have isolated from a forward genetics 
screen for mutants with homologous pairing defects.  Meiosis in females is more affected 
by this mutation than in males and the mutant phenotype is more severe in older worms.  
Our work extends the recent discovery of a DSB dependent SC polymerization 
mechanism that becomes detectable in a cra-1 spo-11 mutant background, CRA-1 being 
a protein involved in SC formation (Smolikov et al., 2008).  The studies on him-19, a 
mutant both impaired in homolog recognition and timely SC formation, show that this 
DSB dependent SC polymerization mechanism does not contribute to homolog 
juxtapositioning.  
 
 
 
Results 
 
Identification of him-19 as a novel gene required for bivalent formation at meiotic 
prophase I 
 
We performed a clonal genetic screen in search for mutants with homology recognition 
defects by using Pxol-1::GFP as a reporter for X chromosomal non-disjunction (Kelly et 
al. 2000).  Pxo1 is expressed only in male embryos.  A higher incidence of male progeny 
is a consequence of X chromosome mis-segregation and such occurrence can reflect 
various problems in meiotic divisions.  Any defect in either homolog recognition, 
synapsis, recombination, chiasma stability or combinations of the above can lead to 
reduced chiasma formation.  Mutants with abundant GFP positive embryos were selected 
and subsequently underwent secondary cytological screening.  him-19(jf6) was one of the 
recessive alleles found showing meiotic defects.  4',6’-diamidino-2-phenylindole (DAPI) 
staining of wild type diakinesis shows six bivalents corresponding to the ten paired 
autosomes and two paired X chromosome.  In him-19 mutants more than the six signals, 
are found indicating the presence of univalents (Figure 2 C).  Parallel double DNA tracks 
as observed in wild type pachytene cannot be made out in him-19 mutant cells throughout 
the gonad (figure 2A, B).  
 
Single nucleotide polymorphism (SNP) mapping (Wicks et al. 2001) localized the 
mutation to the left end of chromosome I, and subsequent sequence analysis revealed that 
the jf6 allele contains a G to A transition at coordinate 898498 of a novel gene, encoded 
by the open reading frame Y95B8A.11.  In contrast to the wormbase annotated 
predictions, our RT-PCR of the wild-type Y95B8A.11 revealed that the ORF has two 
natural splice variants: one version encodes 413 amino acids (containing 11 exons), and 
the second variant derived from inclusion of intron 1 encodes 433 amino acids 
(containing 10 exons) (Figure 1A).  The him-19(jf6) mutation is located at the last 
nucleotide of intron 6 and therefore destroys the splice acceptor site of the downstream 
exon 6 and exon 7 respectively.  RT-PCR reveals several splice variants in him-19(jf6) 
worms.  Sequencing of these PCR products indicate the use of a cryptic splice acceptor at 
position +2 in intron 7, skipping of exon 7, or joint skipping of exon 6 and exon 7.  Use 
of the cryptic splice acceptor and skipping of exons 6 and 7 results in frame shifts leading 
to premature stops at 272 and 293 aa, respectively.  The wild-type length version (Band 1 
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in Figure 1B) uses sequences within exon 7 as the splice acceptor site and results in one 
nucleotide frame shift.  Skipping of exon 7 removes amino acids 282-314 but maintains 
the open reading frame (Figure 1B).  
 
The mutant phenotype could be phenocopied by co-suppression and rescued by 
transformation of the him-19 locus (see Supplementary Figure 1).  Moreover, the deletion 
allele of him-19 fails to complement the jf6 allele.  Univalents are observed in the him-
19(tm3538)/him-19(jf6). 
 
The meiotic defects in him-19 aggravate in an age-dependent manner and affect 
female meiosis more severely 
 
him-19(jf6) homozygous mutants can be maintained as a stable strain.  Embryos display a 
hatch rate of 18.34% (2094 eggs scored from 11 animals) with a high incidence of males 
occurring in the surviving progeny (19.01% which is much higher than the 0.2% natural 
occurrence found in wild type (Hodgkin et al. 1979)).  Interestingly, the hatch rate 
decreased sharply with increasing age of the mother hermaphrodite.  While 51.20% 
(N=334) of eggs laid on the first day of the reproduction period survived; only 16.87% 
(N=1067) of eggs hatched from the second day brood; the hatch rate dropped further to 
4.34% (N=553) on the third day; and only 6.43% (N=140) of eggs from the fourth day 
survived (Figure 3A).  The decrease of viability is paralleled by an increased occurrence 
of males in the hatched animals.  12.87% of the progeny produced on day one are males 
(N=171), 22.16% on day two (N=176) and 50% on day three (N=24) (Figure 3B).  The 
deteriorating phenotype observed in the jf6 allele can also be observed in wild type 
worms co-suppressed for ORF Y95B8A.11 (Figure 3A).  To see if the aggravation of 
phenotype could also be observed in other meiotic pairing mutants, we scored the 
viability of chk-2.  Unlike him-19(jf6), the chk-2(gk212) viability remained steadily low 
throughout the reproductive span of the mother: day one with 3.90% viability (N=231); 
day two 2.5% (N=520); day three 4.29% (N=210); day four 2.5% (N=40) (Figure 3A).  
The overall viability of the chk-2 deletion allele was 3.20% (1001 eggs counted).   
 
A rescue experiment was made by bombing the homozygous him-19(jf6) with a transgene 
construct of the wild type version of the Y95B8A.11 driven by its endogenous promoter.  
From a stable transformed line of the mutant carrying the rescue construct, the hatch rate 
was restored to 72.4% (587 eggs scored) on day one, 53.6% (1027 eggs scored) on day 
two, and 25.0% (547 eggs scored) on day three.  
 
When maternally-produced wild type molecules, such as proteins or mRNAs, from the 
heterozygous mutant mothers are passed on to homozygous mutant progeny, the first 
generation (F1) of homozygous progeny tend to do well.  Then the homozygous 
grandchildren segregated from a homozygous mother would do worse than their parents 
dervived from a heterozygous source.  The age-related deteriorating phenotype observed 
in him-19(jf6), however, is not likely to be a maternal effect as the homozygous mutants 
would die out within several generations.  The hatch rate scored from the him-19 mutant 
is repeatable over generations.  This suggests that some factors throughout the 
generations are helping the eggs laid at earlier times to do better.   
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A C. elegans hermaphrodite produces both sperm cells and oocytes for self-fertilization.  
Sperm cells are made prior to the L4 stage, and are stored in the spermathecae while the 
germlines switch to production of oocytes (Schedl 1997).  We wanted to test whether a 
protein provided during spermatogenesis could contribute to the healthier meiosis during 
the first two days of reproduction.  If this was the case, one would expect a more severe 
phenotype in females than in hermaphrodites.  fem-3 is involved in the sex determination 
pathway.  The loss of function allele e1996 transforms XX animals into fertile females 
(Hodgkin 1986).  Spermatogenesis deficient females him-19(jf6)/him-19(jf6) I; fem-
3(e1996)/fem-3(e1996) IV were mated to wild type males and viability of the progeny 
was scored.  Similar to hermaphrodite worms, viability of the out-crossed progeny 
dropped throughout the reproductive span of the mother (Figure 3A).  The number of 
viable progeny of the female mutant (11.37%, 255 eggs scored from 4 animals) is lower 
than that of the hermaphrodite mutant.  This suggests that the female mutants have a 
more penetrating phenotype than the hermaphrodites.  When wild-type males were mated 
to fem-3(e1996) females, the number of viable progeny was 100% (748 eggs scored from 
4 animals).  However, when him-19(jf6) males were mated to fem-3(e1996) females, the 
number of viable progeny was 78.95% (1425 eggs scored from 7 animals).  
[Supplementary Table 1 is an attempt to examine the viability of the older him-19 mutant 
sperms versus younger mutant sperms.]  The disruption of him-19 causes a phenotype 
that is not only worsening over time, but it also affects the female germlines more than 
the male germlines.  
 
 
HIM-19 is required for homology recognition 
 
Wild-type worms have six bivalents at diakinesis.  Consistent with the declining hatch 
rate, homozygous worms 17 hours post L4 had 6 to 9 DAPI stained structures at 
diakinesis (average 6.25, N=48).  The 48 hours post L4 10 to 12 (average 11.33, N=41) 
DAPI stained structures were discernible, demonstrating that the number of univalents 
observed at diakinesis increase as the animals age (Table 1).  Hence, all cytological 
analyses carried out in this paper were applied to individuals 48 hours post L4 selection 
(20ºC).   
 
By DAPI, the two-day old homozygous him-19(jf6) mutants, unlike wild type, lacked a 
clear TZ.  Rarely cells with clustered chromatin could be found (Figure 2A) and were 
dispersed over the whole gonad.  The him-19(jf6) pachytene cells showed fewer parallel 
tracks than those in the wild type (Figure 2B).     
 
The lack of an organized TZ and occurrence of univalents at diakinesis are typical 
features of chromosome pairing mutants.  We therefore set out to examine homologous 
pairing in him-19(jf6).  We performed Fluorescence in situ hybridization (FISH) 
experiments.  Each C. elegans chromosome has a region at the end, called the pairing 
center (PC).  Such regions are shown to have roles in chromosome pairing and promoting 
synapsis (MacQueen et al. 2005; Phillips and Dernburg 2006; Phillips et al. 2005).  For 
the FISH experiments, we used probe R119 that detects chromosome I (on the opposite 
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end to the PC) and probe 5S ribosomal that detects chromosome V (same side as the PC).  
Pictures of the dissected worm gonads were sectioned into six zones spanning from the 
mitotic distal tip to the end of the pachytene zone.  In two days old wild type adults 
homologous pairing begins in zone 2.  Proper pairing and synapsis occurs gradually after 
zone 2, resulting in only one FISH signal per cell in prophase I.  More than one FISH 
signal, however, was mostly observed in the him-19(jf6) meiotic prophase.  Autosomal 
juxtapositioning of the two-day-old mutants never increased above the background level 
in the mitotic region (zone 1), indicating that him-19(jf6) are defective in establishing 
autosomal homologous pairing (Figure 4A).   
 
In addition, pairing of the X chromosomes in the jf6 mutant was evaluated by using an 
antibody against the X chromosomal pairing center protein HIM-8 (Phillips et al. 2005).  
Unpaired HIM-8 signals were often detected in him-19 pachytene cells (Figure 4A and 
D).  Thus, similar to the autosomes, the X chromosomes are also deficient in homologous 
pairing in the jf6 background (Figure 4A).  The fact that HIM-8 staining was not impaired 
in the jf6 mutant indicated that the mutant has no problem with the recruitment of the 
HIM-8 protein to chromosomes (Figure 4D). 
 
An antibody against ZIM-3, binding to the chromosomal pairing centers of  chromosome 
I and IV (Phillips and Dernburg 2006), was also applied to the him-19(jf6) mutant.  
Surprisingly unlike the HIM-8, no ZIM-3 localized staining was detected in the him-19 
mutant background (Figure 4D).  The absence of signal can be contributed either by 
affecting the production of the ZIM-3 protein, or by failure to recruit the ZIM-3 to the 
chromosome.  RT-PCR showed that the zim-3 message is present in him-19 (data not 
shown).  A similar defect has also been seen in the pairing mutant hal-2, HIM-8 
localization is normal but ZIM-2 fails to localize to the pairing centers (Villeneuve lab 
personal communications 2008).   
 
 
Synapsis is defective in the him-19(jf6) mutant 
 
HIM-3, a lateral element protein of the SC, and SYP-1, a central element protein of the 
SC, can be used as markers for meiotic chromosome axes and synaptonemal complex 
formation (Couteau et al. 2004; MacQueen et al. 2002).  These two meiosis specific 
proteins are expressed and start to associate with chromosomes in the jf6 mutant similar 
to wild type, indicating that meiosis is timely initiated in the jf6 mutant (Table 2).    
 
In wild type pachytene, when all homologous chromosomes are properly paired and 
synapsed along their whole length, six HIM-3 tracks and six SYP-1 tracks corresponding 
to the five pairs of autosomes and one pair of X chromosome can be observed.  In the 
him-19(jf6) mutant, HIM-3 polymerizes along the chromosomes with wild type kinetics 
(Figure 5).  However, more than six HIM-3 tracks can be observed per cell due to the 
unpaired homologs (Figure 5).  Consistent with the reduced number of parallel tracks 
observed in DAPI staining, SYP-1 is polymerized in a restricted manner (Fig. 5 and 
Figure 7A).  Only short stretches of SYP-1 are seen upon entry of meiosis.  From mid 
pachytene onwards, SYP-1 stretches polymerize more extensively.  Finally in the late 
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pachytene, SYP-1 is fully polymerized (Figure 5).  The SYP-1 loading pattern in him-
19(jf6) is very similar to that observed in the chk-2 mutants (Martinez-Perez and 
Villeneuve 2005).  As shown by FISH experiments, most of the homologous 
chromosomes are unpaired.  Immuno-FISH experiments reveal that most SYP-1 stretches 
are synapsed with a non-homologous partner (Figure 4B and C).  To see if the 
nonhomologous synapsis observed in the him-19(jf6) mutants represents precocious 
assembly of the SC, trapping the wrong homologs together and preventing them from 
finding the proper partner, we wanted to disrupt synapsis in the him-19 mutant 
background.  SYP-2 is a component of the SC central element; therefore, a double mutant 
strain him-19(jf6)/him-19(jf6) I; syp-2(ok307)/syp-2(ok307) IV was created.  The syp-
2(ok307) single mutant is able to achieve homologous alignment, but the pairing is not 
stabilized due to the inability to assemble the SC, which is accompanied by an extended 
transition zone (Colaiacovo et al. 2003).  FISH experiments reveal that homologous 
pairing is impaired in the double mutants (Figure 4A).  The homologous alignment rate is 
low and comparable to the him-19(jf6) single mutant.  Together this suggests that him-
19(jf6) is defective in achieving homologous alignment and the nonhomologous synapsis 
observed is due to the SC’s random assembly. 
 
 
Progression of meiotic recombination is impaired in him-19(jf6) 
 
To look at the induction of double strand breaks (DSBs) we monitored the appearance 
and disappearance of the RAD-51 protein (Alpi et al. 2003; Colaiacovo et al. 2003).  
RAD-51, a strand exchange protein, is a member of the highly conserved RecA family 
involved in repairing meiotic DSBs (Paques and Haber 1999; Shinohara et al. 1992).  
Following the time course of RAD-51 foci appearance and disappearance as shown in 
Figure 6A, RAD-51 foci peak in zone 3 in wild type, which corresponds to early 
pachytene.  In two days old him-19(jf6) gonads, RAD-51 foci peak in zone 5.  This 
indicates that the region of the foci in the mutant is shifted to later time points and could 
reflect a delay in DSB induction.  Quantification of foci shows that most cells exhibit 
over 12 foci per cell.  Such high numbers are rarely observed within a wild type gonad.  
Although the him-19 mutant has low level of homologous pairing and a defect in the 
DSBs repair, fragmentation is not observed in the diakinesis cells.  This suggests that 
DSBs might be repaired not from the homologous partner but via the sister chromatids.  
We observe that the him-19(jf6) mutant has a pleiotropic meiotic phenotype.  As we 
previously described, the feminized him-19(jf6) mutants had a lower hatch rate than the 
hermaphrodite him-19(jf6) mutants; the females might have a more penetrant jf6 
phenotype.  Placing him-19 in the fem-3 feminized background surprisingly showed a 
very strong reduction of RAD-51 foci.  Most nuclei were devoid of RAD-51 signals only 
few stray cells were detected RAD-51 positive (Figure 6A).  In its most penetrant version 
him-19 (feminized version) either suppresses DSBs or delays RAD-51 loading for even 
longer than in the hermaphrodite. 
 
We performed gamma radiation experiments to see if the RAD-51 protein can be loaded 
at earlier time points.  Two days old jf6 mutants were irradiated and immunostained after 
1.5 hours onwards.  Abundant RAD-51 foci were seen throughout the gonads (data not 
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shown).  The foci are present from the meiotic entry zone in irradiated jf6.  This indicates 
that recruitment of components of the repair machinery, such as RAD-51, is possible and 
that in the mutant DSBs are induced either later or fail to get induced with progressing 
age and those cells that display abundant RAD-51 foci still stem from a time point when 
DSBs could be induced.  On average a cell migrates one cell row per hour (Crittenden et 
al. 2006).  As a negative control, we used the chk-2(gk212) mutants which also have 
defects in homologous pairing and SC central element assembly.  It has been previously 
shown that the chk-2 mutants lack RAD-51 foci (Alpi et al. 2003; Rinaldo et al. 1998).  
When chk-2 gonads were gamma radiated, however the RAD-51 foci were restored as 
observed in fem-3 him-19 mutants (Supplementary Figure 2.).  Such evidence suggests 
that both chk-2 and him-19 mutants might have problems in inducing double strand 
breaks. 
 
 
Artificially induced DSBs restore chromosome clustering and enhance SYP-1 
polymerization in the him-19(jf6) mutant 
 
Upon irradiation of him-19(jf6), we observed that six hours after artificially inducing 
DSBs  chromosome clustering was restored in some meiotic cells (Figure 7B).  Although 
the chromosomes were clustered, they did not seem to be as condense/compact as the 
wild type transition zone cells.  It appears that the polarized chromosome configuration 
could be restored when DSBs were induced in early pachytene.  This clustering of 
chromosomes did not persist till the end of pachytene but rather remained close to the 
start of pachytene (Figure 7B).  Clustering can be correlated to the presence of an active 
pairing process in wild type.  Consistently, the absence of TZ in mutants such as, chk-2, 
him-3, htp-1, and mtf-1/sun-1 can be correlated with a lack of pre-synaptic alignment 
(Couteau et al. 2004; Couteau and Zetka 2005; MacQueen and Villeneuve 2001; 
Martinez-Perez and Villeneuve 2005; Penkner et al. 2007).  In the case of the him-19 
mutant, despite the chromosomes were clustered, FISH experiment disclosed that the 
level of homologous pairing was not improved (Figure 4A).  Whereas SYP-1 staining 
showed that SYP-1 polymerization along chromatin can be remarkably improved upon 
irradiation (figure 7A and B).  From the projected 3D stacks containing the depth of the 
nuclei, we measured the length of the SYP-1 stretches per cell and plotted a graph of the 
average length per cell in relations to their cell row positions after SYP-1 started 
associating with chromosomes.  Although not yet at wild type levels, more rapid 
polymerization of SYP-1 was observed at the meiosis entry in the irradiated mutant than 
the non-irradiated mutant (Figure 7A and C).  We also analyzed the SYP-1 
polymerization rate in a him-19(jf6) spo-11(me44) double mutant background to examine 
the mutant in the absence of DSBs.  As expected SYP-1 loading is similar to the him-
19(jf6) (data not shown).  As judged by DAPI staining, the him-19(jf6) spo-11(me44) 
gonad resembled that of the jf6 mutant – lacking TZ and had fewer parallel tracks in 
pachytene.  In this respect, him-19 is epistatic to spo-11, indicating that him-19 is acting 
upstream of spo-11 and is involved in the formation of DSBs. 
 
To see if the scenario of rapid SC polymerization induced by artificial DSBs is a general 
feature of pairing mutants we also irradiated, chk-2(gk212) along with the him-19(jf6) 
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mutant.  However, six hours after the irradiation, chk-2 gonads did not appear different 
from the non-irradiated gonads.  Neither chromosome clustering nor rapid polymerization 
of SYP-1 was observed.  This indicates that the observation in him-19 is unique to this 
mutant. 
 
 
 
 
Discussion 
 
In humans, there exists a strong correlation between maternal age and the occurrence of 
trisomies.  However, how maternal age increases aneuploidy is not fully elucidated 
although weakened cohesion and failures in check-point control have been suggested to 
contribute to aging effects (Hunt and Hassold 2008).  Similarly, it was realized in C. 
elegans that chromosome non-disjunction increases with maternal age (Rose and Baillie 
1979).  Here we describe a mutation that aggravates age-dependent defects (primarily) in 
female meiosis. 
 
Our study presents the analysis of a novel allele encoded by ORF Y95B8A.11 with a 
clear age dependent defect in meiosis.  We showed that with increasing time the hatch 
rate decreases, the rate of X chromosomal non-disjunction and amount of diakinesis 
univalents increases.   
 
 
Choreography of homologous pairing, synapsis, and initiation of recombination  
 
Our analysis on him-19 revealed that it encodes a novel protein involved in multiple early 
meiotic processes as evidenced by the absence of a clearly defined transition zone, the 
improper SC assembly, the failure to timely induce double strand breaks and the aberrant 
loading of autosomal pairing center proteins.  
 
Our data suggest that him-19 might play a role in the choreography of meiotic events: 
pairing, synapsis, and recombination.  Cytological detection of the SC components HIM-
3 and SYP-1 clearly indicates that meiosis is initiated in the mutant.  However FISH 
experiments and HIM-8 antibody stainings show that homologous alignment is impaired 
when him-19 is disrupted.  Consistently him-19 also lacks crescent shaped transition zone 
cells which is characteristic for various pairing mutants.  The clustering of chromatin to 
one side of the nucleus is believed to be an indication of ongoing homology search.  As 
indicated from the HIM-8 antibody staining, the him-19 mutant is able to recruit the zinc-
finger protein to the chromosomes.  However, when the ZIM-3 antibody was applied to 
the him-19(jf6) mutant, no ZIM-3 foci could be observed.  Such could be the cause for 
the homolog alignment defect and the lack of SC formation.  Not all pairing defective 
mutants would mis-localize the ZIM proteins (for example Penkner et al., 2007).  Philips 
and Dernburg (2006) reported the ZIM proteins diffusely associating to chromosomes in 
chk-2 mutants however the spots were often detected in the interior of the nucleus.  HIM-
8 is recruited to the chromosomes but the homologous pairing of the X remains low 
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suggesting that the him-19(jf6) has a homologous alignment defect unrelated to its 
inability to load HIM-8 proteins.  Apparently, HIM-19 plays a role in the early steps of 
achieving homologous alignment.  
 
Similar to the chk-2 mutant, which also has a homologous pairing defect, the SYP-1 
polymerization is restricted in the him-19 mutant.  Only short stretches of SYP-1 are 
observed indicating that there are some mechanisms at early to mid pachytene to prevent 
non-homologous synapsis (Couteau and Zetka 2005; Martinez-Perez and Villeneuve 
2005).  Then at later pachytene when the constraint is removed, SYP-1 polymerizes more 
extensively along the chromosome pairs despite that homologous pairing is not achieved.  
The ZIM proteins are known to be involved not only in pairing, but also serving as sites 
of synapsis initiation (MacQueen et al. 2005; Phillips et al. 2005).  The aberrant SYP-1 
staining in the him-19 mutant might be a consequence that the ZIMs are not localized to 
the autosomes (Supplementary Figure 3).      
 
Pairing defective mutants, such as him-3 and htp-1, have RAD-51 focus formation with 
wild type kinetics (Couteau et al. 2004; Couteau and Zetka 2005; Martinez-Perez and 
Villeneuve 2005).  Such is not the case for him-19 and chk-2.  chk-2 null mutants lack 
RAD-51 foci (Alpi et al. 2003).  In the him-19(jf6) mutant background we find that the 
peak of RAD-51 foci loading is shifted later more proximal than the peak of the wild type, 
and the average number of foci is also higher than that of the wild type.  The increased 
number of foci might indicate less efficient DSBs repair.  However, when gamma 
radiation is applied, RAD-51 is loaded throughout the mutant gonad.  Such findings 
suggest that the delayed loading of RAD-51 in the mutant is not due to the inability of the 
mutant to load RAD-51 to DSBs that have occurred timely but rather due to the delayed 
occurrence of DSBs per se.  The DSBs might be induced later in the him-19(jf6) mutant.  
The higher number of foci observed in the him-19 mutant might be attributed to the delay 
of DSB repair.  Fragmentation is not observed in the him-19 mutant suggesting that the 
breaks are repaired.  There are constraints to prevent DSB repair via the sister chromatids.  
Perhaps the cells need to wait for the constraint to be removed and then they repair the 
DSBs via sisters.  From the viability curve, we know that the female him-19(jf6) has a 
more severe phenotype.  Very low numbers of RAD-51 foci were detected in the 
feminized him-19(jf6) germline.  From this finding in the fem-3 background where a male 
gonad is not established, we speculated that there would be a protein which compensates 
the loss of HIM-19 in young adult hermaphrodite meiosis which we call the male paralog 
(no close homolog could be found in the C. elegans genome).  The abundance of RAD-
51 foci in two days old him-19(jf6) gonads could be explained by the fact that those cells 
were still exposed to “the male paralog” and were proficient in DSB induction. 
 
The syp-2 him-19 and spo-11 him-19 double mutants both display the phenotype of the 
him-19 mutant (this work and data not shown).  This means that him-19 is epistatic to 
both syp-2 and spo-11 and that him-19 is placed upstream of the SC central region protein 
and DSBs induction protein.  In the him-19(jf6) background, homologous alignment, 
loading of ZIM-3, synapsis, and DSBs inductions are also disrupted.  The C. elegans 
germline proliferation is controlled by assorted RNA regulators, post transcriptional 
repressors and translation factors.  GLD-1, 2, 3, and NOS-3 are the key regulators for the 
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meiotic entry (Eckmann et al. 2004; Hansen et al. 2004; Kadyk and Kimble 1998; Kimble 
and Crittenden 2007).  HIM-19 might play a role in coordinating homologous pairing, 
synapsis and DSBs induction/repair by regulating other meiotic master players at a very 
early stage after meiotic entry at the level of gene regulation.  Alternatively, HIM-19 
could be a chromatin associated protein providing independent contributions to those 
processes.  Due to its phenotypic similarity to CHK-2, encoding a protein kinase, one 
could also propose that it acts at a more regulatory level in initiation of those meiotic sub-
events. 
 
 
An alternative DSB-dependent SC assembly pathway?  
 
Studies of the pairing centers of C. elegans chromosomes have shown that they are 
crucial for homologous pairing and synapsis initiation.  However, in a background that is 
deficient of homozygous pairing centers, a high residual level of synapsis is still observed 
(MacQueen et al. 2005). 
 
When homologous pairing is not disrupted, it has been shown that synapsis will initiate 
from pairing centers (MacQueen et al. 2005; Phillips et al. 2005).  spo-11 mutants have 
neither pairing nor synapsis formation defects (Dernburg et al. 1998) indicating the 
dispensability of DSBs for these processes.  Nonetheless our data suggest that in a 
background where no homologous pairing is established at PCs, DSBs can alternatively 
promote synapsis.  Synapsis in the him-19 mutant is inhibited at the early pachytene due 
to some PC “kinetic proofreading” mechanism (MacQueen et al. 2005; Phillips et al. 
2005).  In the absence of homologous alignment and ZIMs localizing to pairing centers, 
DSBs induction, however, is able to bypass this proofreading mechanisms.  In the case of 
him-19(jf6) when not all of the ZIMs are localized to the chromosomes’ ends, the 
presence of the DSBs might trick the cells to start SC spreading even though there is no 
increase in homologous pairing.  In other organisms, it has been shown that there is a 
direct influence of DSBs levels on the formation of Zip3 foci, SC formation and 
crossovers.  It has been shown in S. cerevisiae that synapsis initiation complexes are 
comprised of proteins such as Zip1, Zip2, Zip3, and Msh4.  ZHP-3 is the C. elegans 
homolog of the ScZip3.  Unlike the ScZip3 which is required for SC formation, 
homologous chromosome pairing and SC formation are normal in the zhp-3 mutant.  
Rather the loading of ZHP-3 is dependent on SYP-1 (Jantsch et al. 2004).  One should 
test the double mutant of zhp-3 him-19, to see whether the SYP-1 rapid polymerization 
would still take place in this background after irradiation.  Recent findings from the cra-1 
spo-11 double mutants also propose an interconnection between the recruitment of 
central region components onto chromosome axes and the recombination pathway exists 
in C. elegans (Smolikov et al. 2008).  The cra-1 null mutant has problems with the 
assembly of the central-region components as well as with homologous alignment in 
early pachytene of the mutant, the central region components fail to localize extensively 
on chromatin.  In later pachytene, the mutant is defective in bridging the already 
polymerized central region components of SC between the homologous chromosomes.  
As a result, the homologs fall apart and univalents are observed in diakinesis (Smolikov 
et al. 2008).  When DSBs are removed in the double mutant cra-1(tm2144) spo-11(ok79), 
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SYP-1 polymerization is disturbed and it was shown that artificial DSBs can stimulate 
SYP-1 polymerization dependent on components of the repair machinery involved in 
homologous recombination (Smolikov et al. 2008).  
 
Despite that more cells with a clustered configuration of the chromatin are found in him-
19 after gamma radiation, homologous alignment is not improved in the irradiated mutant.  
Such evidence further proves that DSBs formation and pairing are independent events in 
C. elegans and in this system ongoing repair most likely does not contribute to 
assessment of “self and non-self” but rather promotes SC polymerization.   
 
 
Models for the primarily oogenesis-directed action of HIM-19 
 
C. elegans occurs as hermaphrodite and a hermaphrodite gonad produces both sperm and 
oocytes consecutively.  Hermaphrodites first produce sperm in the late L4 stage and then 
switch to oocyte production as an adult.  The mature sperms are stored in the 
spermathecae and will then be used to fertilize oocytes (Schedl 1997).  The fact that 
feminized him-19 mutants that never produced a male germline have fewer surviving 
progeny than him-19 mutant hermaphrodite by themselves and a higher rate of univalents 
leads us to propose that molecules provided during preceding spermatogenesis might be 
contributing to the reduction of the mutant phenotype during the first day of adulthood.  
However we want to stress that even in the fem-3 him-19 double mutants we can detect a 
slightly higher hatch rate in the very first brood.  Mutant mothers (hermaphrodites and 
females) produce more male progeny in the later reproductive time.  Male meiosis 
appears less affected overall leading to a hatch rate over 70% when mated to fem-3 
females (essentially wild type like females).  No closely related homolog acting as the 
“spermatogenesis paralog” can be found in the C. elegans genome.  A synthetic lethality 
screen might be useful to identify the male counterpart. 
 
 
The search for him-19 orthologs 
 
A homolog is present in C. briggsae CBG18547, where its function is also unknown.  
Database searches did not show any obvious homolog in other species.  Therefore the 
meta-structure concept was applied.  This method treats individual amino acids not as 
single entities but looks at their mutual interdependences.  The meta-structure method 
extends conventional structural biology knowledge about spatial location of individual 
residues and provides information about how amino acid residues are embedded in the 
context of the 3D structure (personal communication from Robert Konrat).  Thus, 
similarities that are not visible in the primary sequence can be found based on protein 
fold topology.  With this technique,  him-19 displays a similar metastructure as the 
helicase Dhh1 (Cheng et al. 2005).   
 
Bioinformatic searches showed that the HIM-19 has a homology with dhh1, a DEAD-box 
RNA helicase in the DDX6 family.  With a high sequence homology with the DDX6 
family, the RNA helicase in Plasmodium, DOZI (development of zygote inhibited), is 
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found in a complex with mRNA species in cytoplasmic bodies of female, blood-stage 
gametocytes (Mair et al. 2006).   
 
 
Summary 
 
In summary, the him-19(jf6) mutant is a novel mutant displaying homologous pairing, 
synapsis polymerization and DSBs formation/repair defect.  The meiotic phenotype of the 
mutant worsens as the animal age.  Female worms are more affected by this mutation 
than male worms.  Interstingly this mutant allowed us to gain more insight into a DSB 
dependent SC poymerization mechanism.  Future experiments addressing the localization 
of the protein and identifying its interacting partners will help us learn more about how 
him-19 functions in supporting early meiotic events, such as DSB induction and homolog 
recognition.   
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Materials and Methods 
  
Worm strains and culture conditions 
All  C. elegans strains were cultured under standard conditions at 20ºC (Brenner 1974).  
N2 (Bristol) was used as a wild type background; CB4856 (Hawaiian) was used for SNP 
mapping; and TY2441 Pxol-1::GFP was used as the screening strain.  The following is a 
list of mutant alleles and balancers used in this work: 
 
LGI: zhp-3(jf61), hT2[bli-4(e937) qIs48] (I;III) 
LGIV: htp-1(me84), spo-11(ok79), spo-11(me44), nT1[unc-?(n754) let-? qIs50](IV;V) 
LGV: syp-2(ok307), fog-2(oz40), chk-2(gk212), chk-2(me64) 
 
Characterization of the allele 
The him-19(jf6) allele was recovered from an ethane methyl sulfonate (EMS) 
mutagenesis screen performed with the strain TY2441.  After EMS mutagenesis, 5000 F1 
individuals were single plated and F2 hermaphrodites were scored for the occurrence of 
green eggs (expressing Pxol-1::GFP).  Meiotic mutants were recovered as heterozygous 
animals.  By using the SNP-Snip mapping technique, we located the mutation on LGI left 
arm.  Candidate ORFs were sequenced from the cDNAs.  Y95B8A.11 in the homozygous 
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jf6 did not produce the same PCR product size as the wild type.  Sequencing of the 
ORF’s genomic sequences revealed the point mutation in the intron.  Injection of the 
rescue construct could bring up the viability of the homozygous mutant in the first day of 
its reproduction span by ~30%.  him-19(jf6) and him-19(tm3538) can be maintained in a 
homozygous stock.  The two alleles of him-19 do not complement.  Univalents are 
observed in the him-19(jf6)/him-19(tm3538).  All analyses presented were carried out 
with homozygous hermaphrodites descended from homozygous mothers. 
 
cDNA preparation and analysis 
Total RNA was isolated from homogenized adult hermaphrodites by TRIzol Reagent 
(Invitrogen), following the manufacturer’s instructions.  mRNA purification was 
performed with Dynabeads Oligo (dT)25 (Invitrogen), following the manufacturer’s 
instructions. 
cDNA libraries were made with the RETROscript kit (Ambion).  To test the expression 
of Y95B8A.11 in wild type and him-19(jf6) mutants, primer pairs MJ1976 5’–
ATACGCAGAACGCCGTGAAC –3’ and MJ1979 5’-  
GATTCGATCCCTCGACCATTC –3’ were used. 
 
Cytological Preparation of Gonads 
Hermaphrodites were cut open to release the gonads in 5 μl of 1X phosphate-buffered 
saline (PBS) on a microscope slide and fixed by the addition of an equal volume of 7.4% 
formaldehyde.  The material was immediately covered with a coverslip, and gentle 
pressure was applied.  The overslip was removed after freezing the preparations in liquid 
nitrogen and the slides were then transferred to).  For the staining of chromatin and 
chromosomes, slides were mounted in Vectashield anti-fading medium (Vector 
Laboratories, Burlingame, CA) containing 2 μg/ml DAPI. 
  
Immunostaining 
For immunostaining, gonads prepared in 1XPBS on a microscope slide were fixed in a 
series of methanol, methanol:acetone (1:1), and acetone for 5 min each at -20°C, and 
Then they were immediately transferred to 1XPBS with 0.1% Tween 20 without drying.  
Preparations were transferred to fresh 1XPBS-T twice for 5 min each and were blocked 
with 3% bovine serum albumin (BSA) in 1X PBS for 30 min at 37°C in a humidity 
chamber. The primary antibody was applied and the specimen was incubated overnight at 
4°C in a humidity chamber.  Antibodies were diluted in 1XPBS containing 3% BSA as 
follows: 1:100 anti-RAD-51 (Colaiacovo et al., 2003), 1:50 anti-SYP-1 (MacQueen et al., 
2002), 1:100 anti-HIM-3 (Zetka et al., 1999), and 1:500 anti HIM-8 (Phillips et al., 2005).  
After washing three times in 1X PBS-T, secondary antibodies were applied at the 
following dilutions: anti-rabbit Dylight (1:500), anti-rabbit Alexa 543 red (1:500) or anti-
guinea pig Alexa green 488 (1:500).  After 60 min incubation at room temperature, slides 
were washed and mounted in Vectashield supplemented with DAPI (see above).  
 
Fluorescence In Situ Hybridization (FISH) 
Pooled cosmid R119, and PCR-amplified 5S rDNA, were used as probes for the left end 
of chromosome I and the right arm of chromosome V, respectively (Pasierbek et al., 
2001).  Cosmid DNA was directly labeled with Cy3 by using the BioNick Labeling 
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System (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.  The 5S 
rDNA was labeled by PCR with digoxigenin-11-dUTP during PCR amplification.  Slides 
prepared according to the above-mentioned protocol were dehydrated by incubation in 
increasing ethanol concentrations, air-dried overnight.  Labeled probe DNA and 
cytological preparations were denatured separately before the probe was added to the 
slides for hybridization.  The protocol is described in detail in Pasierbek et al. (2001).  
Hybridized digoxigenin-labeled probes were detected by secondary antibody, anti-
digoxigenin FITC (1:500).  Cy3 (red) labeled probes were detected directly.  Slides were 
mounted in Vectashield containing 2μg/ml DAPI. 
 
Microscopy and Evaluation   
Preparations were examined with a Zeiss Axioskop epifluorescence microscope.  Images 
were recorded with a cooled charge-coupled device camera (Photometrics, Tucson, AZ).  
Evaluation of cytological phenotypes was performed in animals kept at 20°C 48 hours 
post larval stage 4 (L4) selection.  For multicolor immunostaining and FISH pictures, 
monochrome images were captured separately for each emission wavelength.  Three-
dimensional stacks of images were taken (MetaVue software; Universal Imaging, 
Downingtown, PA), deconvolved (AutoDeblur software; AutoQuant Imaging, Troy, NY), 
and projected (Helicon Focus software; http://helicon.com.ua/heliconfocus/). 
 
Irradiation experiments 
Strains 48 hours post L4 were treated with a dose of 5 krad of γ-rays from a  60Co-source.  
Gonads for the RAD-51 immunostaing were released 2 hours after irradiation.  Gonads 
for SYP-1 immunostaining were released 6 hours after irradiation. 
 
 
 
Table titles 
 
Table 1. In the him-19(jf6) mutant, count of DAPI stained structures at diakinesis 
scored 17 hours and 48 hours post L4. 
 
Table 2. In the him-19(jf6) background, HIM-3 and SYP-1 associate with the 
chromosomes in a wild type temporal manner 
 
 
 
Figure captions 
 
Figure 1.  Splicing defects induced by the him-19(jf6) mutation 
A) Bar and line diagrams of the two naturally spliced variants of Y95B8A.11.  
Version 1 includes 11 exons.  Version 2 has only 10 exons.  The G to A mutation 
in him-19(jf6) occurs before the exon 7.  Primer pairs MJ1976 and MJ1979 were 
used to amplify the region from jf6 cDNA and to detect the splice variants the 
mutant. 
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B) Gel picture of the PCR products amplified with MJ1976 and MJ1979 (from A).  
The wild type product matches the sequence of exon 4 to 9 consecutively.  The 
three bands in the mutant lane correspond to the various splice versions affected 
by the disruption of the splice acceptor site.  Although band 1 has the same size of 
the wild type band, one nucleotide is missing in the exon 7.  The next “AG” splice 
acceptor site is used for exon 7.  The product of this band 1 will run into a 
premature stop codon.  Band 2 and band 3 are missing the exon 7 and exon 6 & 7 
respectively.   
 
Figure 2.  Gonad organization in wild type and him-19(jf6) mutant     
A) DAPI stained wild type gonad and him-19(jf6) mutant gonad.  A defined TZ zone 
is missing in the mutant gonad. 
B) Parallel tracks of synapsed chromosomes are observed in the wild type (left panel) 
pachytene cells.  him-19(jf6) (right panel) pachytene cells lack the parallel tracks. 
C) Six bivalents are seen in wild type diakinesis (left panel).  Up to twelve univalents 
can be detected in the him-19(jf6) mutants (right panel).  Bars = 10μm  
 
Figure 3.  Aging phenotype of the him-19(jf6) mutant 
A) Graph illustrates the percentages of hatch rate (y axis) of the assorted strains 
counted over the reproductive time span (x axis).  Lesser eggs hatched in the later 
broods in the mutant.  Wild type worms cosuppressed with the Y95B8A.11 locus 
had hatch rates as follow: day one was 59.71% (N=432), day two was 38.89% 
(N= 563), day three was 25.0% (N=128), and day four was 22.22% (N=28).  him-
19(jf6) hermaphrodites self progeny had hatch rates as follow: day one was 
51.20% (N=334), day two was 16.87% (N=1067), day three was 4.34% (N=553), 
and day four was 6.43% (N=140).  him-19(jf6) females mated to wild type males 
had lower hatch rates than the hermaphrodite mutants: day one was 23.90% 
(N=88), day two was 6.20% (N=129), day three and four produced no viable 
progeny (N=24, N=14 respectively).  chk-2(gk212) viability remained steadily 
low throughout the reproductive span of the mother: day one was 3.90% (N=231), 
day two was 2.5% (N=520), day three was 4.29% (N=210), day four was 2.5% 
(N=40).   
B) Graph describes the percentage of male progeny (y axis) occurring in various 
broods (x axis).  At 20ºC, the him-19(jf6) hermaphrodites had 12.87% of male 
progeny on day one (N=171), 21.67% on day two (N=180), and 50.0% on day 3 
(N=24).  At 25ºC, the him-19(jf6) hermaphrodites had 4.11% of male progeny on 
day one (N=243), 25.22% on day two (N=115), and 50.0% on day three (N=6). 
 
Figure 4.  Homologous chromosome pairing is defective in the jf6 mutant 
A) Diagrams representing percentage of nuclei with homologous pairing in 
chromosome I, V and X.  Gonads are divided into six zones (x-axes), and the 
percentage of pairing (y axes) is determined by FISH probes and α-HIM-8 
antibody.  The levels of pairing in him-19(jf6) do not rise significantly above 
those in mitosis.  Hence, jf6 mutants fail to establish presynaptic alignment.  
Chromosome V FISH counting for N2 / him-19(jf6) / him-19(jf6) after irradiation 
/ syp-2(ok307) / him-19(jf6) syp-2(ok307): zone 1 N = 89 / 179 / 115 / 44 / 62, 
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zone 2 N = 107 / 192 / 168 / 96 / 58, zone 3 N = 100 / 220 / 194 / 87 / 54, zone 4 
N = 106 / 231 / 198 / 122 / 77, zone 5 N = 90 / 216 / 150 / 75 / 64, zone 6 N = 69 / 
160 / 152 / 33 / 51.  Chromosome I FISH counting for N2 / him-19(jf6): zone 1 N 
= 82 / 71, zone 2 N = 102 / 89, zone 3 N = 103 / 102, zone 4 N = 107 / 97, zone 5 
N = 85 / 128, zone 6 N = 79 / 120.  Chromosome X HIM-8 foci counting for N2 / 
him-19(jf6): zone 1 N = 27 / 144, zone 2 N = 71 / 157, zone 3 N = 65 / 156, zone 
4 N = 69 / 166, zone 5 N = 61 / 113, zone 6 N = 33 / 60. 
B) him-19(jf6) has nonhomologous synapsis.  Late pachytene cells are stained with 
the α-SYP-1 antibody and then FISH with the 5s ribosomal locus probe.  Bars = 
10μm  
C)  Quantitative scoring of the 5s FISH signal in association with SYP-1 stretches.  
The categories were as follow: 1 (navy blue) unpaired FISH signals with no 
association with SYP-1, 2 (orange) paired FISH signals in association with SYP-1, 
3 (green) unpaired FISH signals in association with SYP-1, and 4 (yellow) paired 
FISH with no association with SYP-1.  The category most often observed was the 
unpaired FISH signals in association with SYP-1, indicating that nonhomologous 
synapsis occurred often in the him-19(jf6) mutant. 
D)  Immunostaining of HIM-8 (green) and ZIM-3 (red) in wildtype and him-19(jf6) 
pachytene nuclei.  HIM-8 localizes to him-19 gonads in the wildtype intensity.  
However, two signals are often detected in the mutant gonads indicating that the 
homologous pairing of the X chromosome is impaired.  Two foci of ZIM-3, 
corresponding to the paired chromosome I set and chromosome IV set, are usually 
detected in wild type TZ and early pachytene.  No ZIM-3 foci are detected in the 
him-19(jf6) background.  Bars = 10μm  
 
Figure 5.  Axial, HIM-3, and lateral, SYP-1, components of the SC are loaded in him-
19(jf6).  Bars = 10μm  
 
Figure 6.  Progression of recombination is disrupted in the him-19(jf6) mutant 
A) Bar chart of the quantitative time course analysis of the RAD-51 foci in various 
mutant backgrounds.  From the projected 3D stacks containing the depth of the 
nuclei, whole gonads were sectioned in six parts.  Zones 1 to 2 include premeiotic 
nuclei, zone 3 contains mostly nuclei in transition zone, and zones 4 to 6 are the 
pachytene nuclei.  The differently colored sections on the bar represent the 
percentages of nuclei in a given zone with that number of RAD-51 foci.  The 
number of nuclei scored for wild type per zone are as following: zone 1 = 165, 
zone 2 = 185, zone 3 = 131, zone 4 = 136, zone 5 = 133, and zone 6 = 79.  him-
19(jf6): zone 1 = 194, zone 2 = 239, zone 3 = 198, zone 4 = 189, zone 5 = 165, 
and zone 6 = 144.  fem-3(e1996) : zone 1 = 134, zone 2 = 149, zone 3 = 143, zone 
4 = 154, zone 5 = 118, and zone 6 = 95.  him-19(jf6) fem-3(e1996): zone 1 = 156, 
zone 2 = 122, zone 3 = 133, zone 4 = 140, zone 5 = 117, and zone 6 = 81. 
B) Immunostaining of RAD-51 (red) in wildtype, him-19(jf6) hermaphrodite and 
him-19(jf6) female whole gonads.  White bars on top of the wildtype and the him-
19(jf6) hermaphrodite gonads indicate the zones rich in RAD-51 foci.  Bar = 
10μm  
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Figure 7.  Artificially induced DSBs restore chromosome clustering and enhance SYP-1 
polymerization 
A) High magnification of the meiotic entry area of the him-19(jf6) gonad and him-
19(jf6) 6 hours post gamma radiated stained with α-SYP-1 antibody.  SYP-1 
loading is restricted in him-19 mutant.  Mutant gonads post irradiated have more 
rapid SYP-1 polymerization than non-irradiated gonads.  Images are projections 
of 3D stacks including the whole depth of nuclei shown.  Bars = 10μm 
B) Bar chart showing the presence of nuclei with chromosome clustering 
configuration.  Nuclei with the polarized chromosomes peak at zone 2 in wild 
type gonads are the crescent-shaped nuclei found at the transition zone.  The him-
19 mutants have no defined TZ and only a few cells in the clustered chromosome 
configuration.  The him-19 mutants 6 hours post irradiation possess more 
chromosome-polarized cells.  The number of nuclei scored for wild type per zone 
are as following: zone 1 = 165, zone 2 = 185, zone 3 = 131, zone 4 = 136, zone 5 
= 133, and zone 6 = 79.  him-19(jf6): zone 1 = 194, zone 2 = 239, zone 3 = 198, 
zone 4 = 189, zone 5 = 165, and zone 6 = 144.  him-19(jf6) post irradiation: zone 
1 = 139, zone 2 = 138, zone 3 = 190, zone 4 = 231, zone 5 = 193, and zone 6 = 
190.     
C) From the projected 3D stacks containing the depth of the nuclei, length of the 
SYP-1 stretches were measured per cell row upon the initiation of SYP-1 loading 
on chromosomes.  The him-19(jf6) post irradiation gonads have more rapid SYP-1 
polymerization than the non irradiated mutants of the same age. 
 
Figure 8.  Amino acid alignment of the two wild type splice variants.  The 23 amino acids 
unique in version 2 are italicized.  Basic amino acids are highlighted in blue: H 
(Histidine), K (Lysine), and R(Arginine).  Hydrophobic amino acids are highlighted in 
red: V(Valine), I(Isoleucine), L(Leucine), M(Methionine), F(Phenylalanine), A(Alanine), 
and P(Proline).  Contained inside the yellow highlighted box are the amino acids 
corresponding to exon 7.  According to the B2 in Figure 1B, this mutant version would be 
missing the 33 amino acids in the highlighted box and continue in frame.  The white 
arrow indicates the start of exon 6 where B3 in Figure 1B and the knockout mutant’s 
disruptions start.  The gray arrow indicates where the B1 in figure 1B starts its frame shift.  
   
 
 
Supplementary Figures captions 
 
Supplementary Figure 1.  him-19(tm3538) gonad organization. 
A) DAPI stained wild type him-19(tm3538) gonad.  A defined TZ zone is missing in 
the mutant gonad. 
B) him-19(tm3538) pachytene cells lack the parallel tracks observed in wild type 
pachytene cells. 
C) Twelve univalents can be detected in the him-19(tm3538) mutants.  Bars = 10μm  
 
Supplementary Figure 2.  chk-2 mutants are able to load RAD-51 after irradiation.  Bar = 
10μm 
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Supplementary Figure 3.  Quantitative scoring of the HIM-8 signal in association with 
SYP-1 stretches at the first five cell rows upon the start of SYP-1 loading.  The categories 
were as follow: 1 (pale blue) unpaired HIM-8 signals with no association with SYP-1, 2 
(purple) paired HIM-8 signals in association with SYP-1, 3 (green) unpaired HIM-8 
signals in association with SYP-1, and 4 (pale green) paired HIM-8 with no association 
with SYP-1.  The category most often observed in wild type was the paired HIM-8 
signals in association with SYP-1.  In the him-19(jf6) background, the most often 
observed category was the unpaired HIM-8 signals in association with SYP-1.  The 
association of HIM-8 and SYP-1 was random.  Not all HIM-8 signals were associated 
with SYP-1 short stretches.  Not all SYP-1 short stretches were associated with HIM-8.  
The SYP-1 polymerization seen at early pachytene could be associated with other 
chromosomes. 
 
Supplementary Table 1.  Viability of the younger him-19(jf6) sperms VS the older him-
19(jf6) sperms.  Of the five him-19(jf6) males that mated, only one candidate continued 
mating on day 2.  The numbers shows in the table are derived from this one individual.  
The older sperms had even a higher viability than the younger sperms.  The effect of him-
19(jf6) has on the male germline might not be age-dependent. 
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Table 1  In the him-19(jf6) mutant, count of DAPI stained structures at diakinesis scored 
17 hours and 48 hours post L4. 
 
DAPI 
structures 6 7 8 9 10 11 12 
17 hours 
(N=48) 77.08% 12.50% 8.33% 2.08% 0% 0% 0% 
48 hours 
(N=41) 0% 0% 0% 0% 9.76% 26.83% 63.41% 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.  In the him-19(jf6) background, HIM-3 and SYP-1 associate with the 
chromosomes in a wild type temporal manner 
 
 Wild type him-19(jf6) 
Initiation of TZ 18 +/- 2.4  (N=4) None  (N=6) 
HIM-3 associates with 
chromosomes  17 +/- 3.3  (N=4) 18.5 +/- 6.3  (N=6) 
SYP-1 associates with 
chromosomes 19.5 +/- 3.7  (N=7) 23 +/- 2  (N=3) 
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Supplementary Table 1.  Viability of the younger him-19(jf6) sperms VS the older him-
19(jf6) sperms. 
 
 
 Fertilized eggs laid Larvae hatched % 
Day 1 324 219 67.59% 
Day 2 303 216 71.29% 
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A novel gene, prom-1, was isolated in a screen for Caenorhabditis elegans mutants with increased apoptosis in the
germline. prom-1 encodes an F-box protein with limited homology to the putative human tumor suppressor FBXO47.
Mutations in the prom-1 locus cause a strong reduction in bivalent formation, which results in increased embryonic
lethality and a Him phenotype. Furthermore, retarded and asynchronous nuclear reorganization as well as reduced
homologous synapsis occur during meiotic prophase. Accumulation of recombination protein RAD-51 in meiotic nuclei
suggests disturbed repair of double-stranded DNA breaks. Nuclei in prom-1 mutant gonads timely complete mitotic
proliferation and premeiotic replication, but they undergo prolonged delay upon meiotic entry. We, therefore, propose
that prom-1 regulates the timely progression through meiotic prophase I and that in its absence the recognition of
homologous chromosomes is strongly impaired.
INTRODUCTION
Meiosis is the specialized nuclear division in which the
diploid chromosomal complement is reduced to a haploid
gametic chromosome set to compensate for the duplication
of chromosome number that occurs at fertilization. During
meiosis, pairs of homologous chromosomes (one from each
parent) separate in a first round of nuclear division (meiosis
I), and each chromosome splits into its two sister chromatids
during a second round of nuclear division (meiosis II). Be-
fore homologous chromosomes disjoin at meiosis I, they
reciprocally exchange corresponding portions, which results
in each chromosome becoming a mosaic consisting of parts
of the original parental chromosomes. This process, which is
called crossing over, contributes to the genetic diversity of
the four meiotic products, and as a consequence, to the
variability of offspring. To allow for the orderly segregation
of homologues at meiosis I and crossing over to occur,
chromosomes have to pair during meiotic prophase.
Meiotic pairing is a multistep process during which ho-
mologous chromosomes first recognize each other, then
align, and finally engage in an intimate association along
their entire lengths. The final, close apposition is mediated
by a ribbon-like proteinaceous structure, referred to as the
synaptonemal complex (SC). Crossing over, which takes
place within the framework of the SC, produces chiasmata.
Together with the cohesion of sister chromatids, chiasmata
connect homologues after the disassembly of the SC, allow-
ing them to persist as bivalents until their separation in the
first anaphase of meiosis (for review, see Petronczki et al.,
2003).
The establishment of bivalents needs the accurate coordi-
nation of all the events that are taking place during prophase
I. Many aspects of the meiotic cell cycle are regulated by the
interplay between cyclin-dependent kinase activity and
ubiquitin-mediated proteolysis of inhibitory factors similar
to the mitotic cell cycle (Harper et al., 2002; Henderson et al.,
2006). To date, little is known about the orchestration and
cell cycle dependence of meiotic events of prophase I such as
chromatin condensation, homologue recognition, axis for-
mation, and SC formation.
In C. elegans, various defects in meiotic pairing and recom-
bination lead to the elimination of a major portion of affected
cells by germ cell apoptosis (Gartner et al., 2000; Bhalla and
Dernburg, 2005). Here, we describe a novel gene, progres-
sion of meiosis (prom-1), which was originally identified in
a screen for increased apoptosis in the germline and
which plays a role in the orderly progression of meiotic
prophase I and in full homologous chromosome pairing
and recombination.
This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E07–03–0243)
on October 3, 2007.
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MATERIALS AND METHODS
Worm Strains and Culture Conditions
The wild-type N2 Bristol, the Hawaiian strain CB4856, and strain DC1079
[ces-1(n703) qDf8/hT2[bli-4(e937) let-?(q728) qls48] (I;III)] were obtained from
the Caenorhabditis Genetics Center (University of Minnesota, St. Paul, MN).
The prom-1 deletion allele ok1140 (strain RB1183) was generated by the C.
elegans Gene Knockout Consortium. AV106 spo-11(ok79) (Dernburg et al., 1998)
and AV393 htp-1(gk174) (Martinez-Perez and Villeneuve, 2005) were kindly
provided by Anne M. Villeneuve. Worms were grown on NGM plates with
Escherichia coli OP50 (Brenner, 1974). To create prom-1/qDf8 heterozygotes,
prom-1(ok1140) males were mated to DC1079 hermaphrodites. F1 progeny,
which do not carry the myo-2::GFP, were selected.
Screen for Mutants with Increased Meiotic Cell Death
A synchronized population of wild-type worms at the L4 larval stage was
mutagenized with ethyl methanesulfonate (EMS) under standard conditions,
and it was subsequently allowed to grow to adulthood. These adults were
bleached and the F2 generation was stained with acridine orange (Gartner et
al., 2004), and live animals were screened under a standard fluorescence
dissection microscope for increased apoptosis.
Candidate mutants were outcrossed four to five times and tested for the
viability of offspring and for a high incidence of males (Him) among the
progeny. Mapping of the mutant alleles was performed with single-nucle-
otide polymorphism (SNP) markers as described in Wicks et al. (2001). The
mutation was mapped to an interval between an SNP on cosmid F14B4
(position 13524) and an SNP on M04C9 (position 11470), and the remaining
candidate open reading frames were sequenced.
Protein Depletion by Double-stranded RNA (dsRNA)
Interference (RNAi)
F54D5.9p and CUL-1 proteins were depleted by double-stranded RNAi by
feeding hermaphrodites with dsRNA-producing bacteria (Timmons et al.,
2001). Target sequences were polymerase chain reaction (PCR)-amplified
from C. elegans genomic DNA and cloned into feeding vector pPD129.36. The
following primers were used: MJ959 5-ctccttggaggatttgcgag-3 and MJ960
5-catttggaagctggaagcct-3 for F54D9.5, and MJ901 5-atgacaaatagcgaaccgag-3
and MJ902 5-acaatcttcgtctgcaactc-3 for cul-1 (D2045.6).
Measurement of Genetic Recombination in the Oocytes
To assay crossing over in nonviable prom-1 mutant progeny, we tested re-
combination between loci polymorphic for SNP markers as in Hillers and
Villeneuve (2003). First, a strain homozygous for prom-1 and heterozygous
for two SNP markers on chromosome V was created by crossing the Bristol
prom-1 strain to a prom-1 strain carrying Hawaiian chromosome V. The
markers polymorphic for DraI restriction sites were at position base pairs 7973
on cosmid F36H9 (primers 5-CGGAAAATTGCGACTGTC-3 and 5-ATT-
AGGACTGCTTGGCTTCC-3) and at position base pairs 92865 on cosmid
Y51A2A (primers 5-TTTATCCGCAGGGACTTGAC-3and 5-TCTCCTCTC-
CCTCATGGTTAAC-3). Hermaphrodites were individually mated to Bristol
males carrying a green fluorescent protein (GFP) transgene. The eggs laid by
these individuals were collected at 4-h intervals to avoid decomposition of
dead eggs, and they were individually lysed. PCR was performed on the
lysates and restriction digests were performed. Products were run on 2%
agarose gels to detect restriction patterns diagnostic of recombination be-
tween the SNP markers. Only eggs positive for GFP or PROM-1 (contributed
by the males) were evaluated.
In Situ Detection of DNA Replication by Incorporation of
dUTP
Gonads of immobilized animals were injected with a solution of 300 pM
Cy3-labeled dUTP (GE Healthcare, Chalfont St. Giles, United Kingdom) in
phosphate buffer, pH 7.0 (Mello et al., 1991). Worms were allowed to recover
in M9 buffer (0.3% KH2PO4, 0.6% Na2HPO4, 0.5% NaCl, and 1 mM MgSO4)
for 30 min, and then they were transferred to a fresh plate. Gonads were
dissected and 4,6-diamidino-2-phenylindole (DAPI)-stained (see below) after
1.5 h of exposure to the nucleotides. The incorporation of labeled nucleo-
tides into nuclear DNA was directly observed by fluorescence microscopy.
Cytological Preparation of Gonads
Hermaphrodites were cut open to release the gonads in 5 l of M9 buffer on
a microscope slide and fixed by the addition of an equal volume of 7.4%
formaldehyde. The material was immediately covered with a coverslip, and
gentle pressure was applied. The coverslip was removed after freezing the
preparations in liquid nitrogen and the slides were then transferred to 1
phosphate-buffered saline (PBS). For the staining of chromatin and chromo-
somes, slides were mounted in Vectashield anti-fading medium (Vector Lab-
oratories, Burlingame, CA) containing 2 g/ml DAPI.
Immunostaining
For immunostaining, gonads prepared in M9 buffer on a microscope slide
were fixed in a series of methanol, methanol:acetone (1:1), and acetone for 5
min each at 20°C, and then they were immediately transferred to 1 PBS
without drying. Preparations were transferred to fresh 1 PBS twice for 5 min
each and were blocked with 3% bovine serum albumin (BSA) in 1 PBS for
30 min at 37°C in a humidity chamber. The primary antibody was applied and
the specimen was incubated overnight at 4°C in a humidity chamber. Anti-
bodies were diluted in 1 PBS containing 3% BSA as follows: 1:100 anti-
REC-8 (Pasierbek et al., 2001), 1:100 anti-RAD-51 (Colaia´covo et al., 2003), 1:50
anti-SYP-1 (MacQueen et al., 2002), 1:100 anti-HIM-3 (Zetka et al., 1999), and
1:500 anti HIM-8 (Phillips et al., 2005). After washing three times in 1 PBS
plus 0.1% Tween 20, secondary antibodies were applied at the following
dilutions: anti-rabbit Cy3 (1:250), anti-rabbit fluorescein isothiocyanate (FITC)
(1:500) or anti-rat FITC (1:500). After 60-min incubation at room temperature,
slides were washed and mounted in Vectashield supplemented with DAPI
(see above). Fixation and staining for phosphorylated histone H3 was per-
formed as described previously (Jones et al., 1996).
Fluorescence In Situ Hybridization (FISH)
Pooled cosmids C53D5 and R119, and PCR-amplified 5S rDNA, were used as
probes for the left end of chromosome I and the right arm of chromosome V,
respectively (Pasierbek et al., 2001). Cosmid DNA was directly labeled with
Cy3 by using the BioNick Labeling System (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. The 5S rDNA was labeled by PCR with
digoxigenin-11-dUTP during PCR amplification.
Slides prepared according to the above-mentioned protocol were dehy-
drated by incubation in increasing ethanol concentrations, dried on air, and
kept in the freezer until use for FISH. Labeled probe DNA and cytological
preparations were denatured separately before the probe was added to the
slides for hybridization. The protocol is described in detail in Pasierbek et al.
(2001). Hybridized digoxigenin-labeled probes were detected with FITC-
conjugated anti-digoxigenin, and FITC (green) and Cy3 (red) fluorescence
was emitted by excitation with light of appropriate wavelengths. Slides were
mounted in Vectashield containing 2 g/ml DAPI.
Microscopy and Evaluation
Preparations were examined with a Zeiss Axioskop epifluorescence micro-
scope. Images were recorded with a cooled charge-coupled device camera
(Photometrics, Tucson, AZ). Evaluation of cytological phenotypes was per-
formed in animals kept at 20°C 16–24 h after larval stage 4 (L4). For multicolor
immunostaining and FISH pictures, monochrome images were captured sep-
arately for each emission wavelength. Artificial coloring and merging were
undertaken using IPLab Spectrum software (Scanalytics, Fairfax, VA). In
some cases, three-dimensional stacks of images were taken (MetaVue soft-
ware; Molecular Devices, Sunnyvale, CA), deconvolved (AutoDeblur soft-
ware; AutoQuant Imaging, Troy, NY), and projected (Helicon Focus software;
http://helicon.com.ua/heliconfocus/).
RESULTS
Isolation and Characterization of prom-1 Mutant Alleles
In animals, defects in meiotic recombination and/or meiotic
pairing can lead to the elimination of affected cells by apo-
ptotic cell death (Gartner et al., 2000). We exploited this
phenotype for the screening for C. elegans meiotic mutants,
taking advantage of the preferential uptake of the dye acri-
dine orange by apoptotic corpses (Gartner et al., 2004;
Schumacher et al., 2005). Two alleles, op240 and jf3, of a novel
gene (prom-1) were identified. In addition to increased apo-
ptosis, these mutants exhibited high embryonic lethality and
a high incidence of males (Him) phenotype (see below).
After backcrossing the mutant animals, the corresponding
gene (prom-1) was mapped to open reading frame F26H9.1
on chromosome I by using morphological and SNP markers.
Sequencing of these alleles revealed a D242 to N missense
mutation in op240 and a Q363 to premature stop codon
mutation in jf3 (see Supplemental Figures S1 and S2 for
cDNA sequence, intron–exon boundaries, and mutation
sites). A third allele, ok1140, was provided by the C. elegans
Gene Knockout Consortium. Complementation testing con-
firmed that jf3, op240, and ok1140 are indeed allelic (data not
shown). ok1140 is a deletion of 1229 base pairs encompassing
the first five and a half exons and 63 base pairs of the
promoter region. Because prom-1(ok1140) is the most se-
V. Jantsch et al.
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verely mutated allele, most quantitative mutant analyses
were performed using progeny of homozygous backcrossed
ok1140 (hereafter prom-1) mothers, unless indicated other-
wise. Similar phenotypes, and in particular strong pheno-
typic variability between individuals (see below) were ob-
served in the other alleles as well (data not shown).
The F26H9.1 transcript shows a three- to fourfold germ-
line enrichment relative to somatic tissues (Reinke et al.,
2000). It encodes a 524-amino acid (aa) protein with an F-box
motif (Kipreos and Pagano, 2000; Supplemental Figure S1).
A C. elegans paralogue, F54D5.9, with an amino acid identity
of 22% and a similarity of 39% is listed in WormBase (www.
wormbase.org). F54D5.9 and, to a lesser degree, F26H9.1
show homology to the human F-box protein 47 (FBXO47),
which is a putative tumor suppressor (Simon-Kayser et al.,
2005) and to FBXO47-related proteins in various vertebrates.
Although there seems to exist only one FBXO47-like protein
in all vertebrates examined, this locus seems to be dupli-
cated in nematodes (Figure 1). Intriguingly, we were unable
to find homologues of FBXO47 in Drosophila, plants, or yeast.
An RNAi phenotype was not detected for F54D5.9 by
Kamath et al. (2003) and Rual et al. (2004), whereas Piano et
al. (2002) reported 10–29% embryonic lethality. We found
RNAi of F54D5.9 to result in embryos with hyperproliferat-
ing tissues, whereas meiosis was not notably affected (data
not shown).
Mutation of prom-1 Causes Reduced Fertility and
Increased Production of Males
Brood size was strongly reduced in the mutants, and it was
highly variable from animal to animal, with all three back-
crossed alleles. prom-1 homozygous hermaphrodites laid
143  70 (SD) embryos (ranging from 44 to 256; n  17
animals) compared with an average brood size of 282  22
(n  8) of the wild type. prom-1 worms also displayed high
embryonic lethality. The average viability was 10.2% (70 of
688 laid eggs developed further than to the L1 stage) com-
pared with 99.8% in the wild type (n 2257 eggs), but it was
highly variable between individual hermaphrodites, rang-
ing from 1.4 to 54.2%. Of the surviving mutant offspring,
22% (72 of 328 L3–adult worms in a different experiment)
were males. Most of the viable progeny were vigorous and
morphologically normal, suggesting that embryonic lethal-
ity was due to chromosomal defects in the wake of disturbed
meiosis (see below), and that animals receiving a balanced,
intact chromosome set were not affected. Deletion of prom-1,
therefore, seems to have only a mild, if any, somatic
phenotype.
To test whether both female and male meioses are affected
and whether the combined defects contribute to the lethality
of hermaphrodite progeny, we crossed prom-1 hermaphro-
dites to wild-type (WT) males and fog-2(oz40) female-only
worms to prom-1 males. Progeny from prom-1 hermaph-
rodites  WT males showed 33% viability (1610 eggs
scored). Progeny from fog-2 females  prom-1 males
showed 28% viability (1309 eggs scored), which is not sig-
nificantly different (t test). (fog-2 females  WT males pro-
duced 99% viable offspring; n  1622 eggs.) Thus, the in-
volvement of either prom-1 mutant eggs or sperm in zygote
formation considerably reduces viability, suggesting that
formation of both types of gametes is compromised in
prom-1 hermaphrodites.
Apoptosis Is Increased in the prom-1 Mutant
We scored for apoptotic nuclei by differential interference
contrast microscopy in animals 16–24 h past L4. In accor-
dance with the apoptosis phenotype by which prom-1 was
initially identified, up to 21 (mean  SD, 11.6  4.7; n  30)
nuclei in the ovary of the prom-1mutant, at any given time,
show morphological features indicative of apoptosis, com-
pared with a maximum of three nuclei (1.4  0.6; n  23) in
the wild type. We tested whether impaired repair of meiotic
double-strand breaks (DSBs) contributed to increased germ
cell apoptosis by scoring for apoptotic nuclei in a prom-1
spo-11 double mutant. We found that in the absence of
SPO-11 (which catalyzes meiotic DSB formation; Dernburg
et al., 1998), on average, only 1.9 nuclei  1.9 (n  19) per
gonad were apoptotic. Thus, the apoptosis phenotype was
bypassed in the absence of DSBs, indicating that incomplete
or delayed repair of meiotic DSBs, which is a possible con-
sequence of delayed meiotic progression (see below) may
trigger DNA damage checkpoint-dependent apoptosis in a
prom-1 mutant. Moreover, we found that apoptosis was
reduced to almost wild-type levels in a prom-1 cep-1 double
mutant (2.7  2.2 apoptotic nuclei per gonad, n  25). The
dependency of apoptosis on CEP-1 (the p53 homologue of
the worm) also suggests that it is not due to a recently
discovered checkpoint that monitors meiotic chromosome
synapsis (Bhalla and Dernburg, 2005). It is conceivable that
nonhomologous synapsis (which occurs in the prom-1 mu-
tant; see below) is sufficient to escape this checkpoint (Pen-
kner et al., 2007).
Mutation of prom-1 Causes a Transient Arrest of Nuclei
on Meiotic Entry
Cytological inspection of mutant gonads revealed that in
addition to elevated apoptosis, the normal progression of
meiotic stages was perturbed (Figure 2a). In wild-type ova-
ries, the distal region of the gonad where germ cells are
produced by a series of mitoses, is characterized by spherical
DAPI-stained nuclei. It is commonly referred to as the mi-
totic zone, although its most proximal nuclei start to express
meiotic genes (MacQueen et al., 2002; Hansen et al., 2004;
Crittenden et al., 2006; see below) and hence satisfy the
classical cytological definition of leptotene. This “meiotic
entry zone” (marking the switch from proliferation to mei-
otic determination (Hansen et al., 2004) possesses somewhat
larger nuclei than the genuine mitotic zone. It is followed by
several rows of cells that comprise the transition zone,
Human SKP2
Mouse XP_484074
Human FBXO47
C. briggsae CBC02863
C. elegans F54D5.9
C. briggsae CBG19470
C. elegans PROM-1
100
100
100
100
95
Figure 1. Phylogenetic tree of C. elegans PROM-1 and related pro-
teins. The human F-box protein SKP2 is displayed as a member of
the outgoup. The phylogenetic tree was derived from a multiple
protein sequence alignment by the ClustalX program (Thompson et
al., 1997). The resulting tree was tested by resampling (bootstrap-
ping) by using the programs sequboot, protpars, and consense from
the PHYLIP package (Felsenstein, 1989), executed on a server of the
Department of Molecular Evolution, Uppsala University (http://
artedi.ebc.uu.SE/programs/). The numbers at the forks indicate in
how many trees (out of 100) the grouping to the right of the fork
occurred.
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where leptotene nuclei become replaced by nuclei with chro-
matin arranged in a crescent, which correspond to early
zygotene. The region next to the transition zone is occupied
by late zygotene and pachytene nuclei, followed by cells in
diplotene and diakinesis (Schedl, 1997).
In prom-1 mutants, the zone with small DAPI-bright nu-
clei, resembling the wild-type mitotic zone, extended for
19.69  4.40 (n  56) nuclear diameters from the distal tip
cell (DTC), which is comparable with the 20.75  1.62 (n 
56) nuclear diameters from the DTC in the wild type. Within
this mitotic zone, mitoses were identified by immunostain-
ing for phosphorylated histone H3 (Figure 2a). It was fol-
lowed by a zone with slightly larger and less bright nuclei,
16 nuclear diameters in width (Figure 2a), which was
missing in the wild type. This zone did not contain mitoses
(Supplemental Figure S3). To determine whether DNA rep-
lication was ongoing in these putative postmitotic cells, we
monitored DNA synthesis by the incorporation of Cy3-la-
beled dUTP. Young adult hermaphrodites were injected
with high concentrations of Cy3-labeled dUTP, and incor-
poration was scored in fixed DAPI-stained gonads. After
1.5-h exposure to Cy3-labeled dUTP, it was found that la-
beled nucleotides had been incorporated for the same num-
ber of distal cell rows both in the wild type (27.2  2.1; n 
13) and in the mutant (27.5  3.4; n  13) (Figure 2b).
Further down in the gonad, only stray cells with some Cy3
label were detected. This indicates that DNA synthesis takes
place mostly within the first 27 cell rows of the wild type
and the mutant, and we assume that it corresponds to S
phase in proliferative cells (20 cell rows) plus a few adja-
cent cell rows where cells undergo meiotic DNA replication
(compare Crittenden et al., 2006). This result suggests that
the mitotic zone is normal and that meiotic S phase is
essentially complete in the additional cell rows that follow
this zone in the mutant.
A distinct transition zone was missing in the mutant.
Instead, sporadic nuclei with chromatin arranged in a cres-
cent were scattered over the proximal area (the pachytene
zone) of the gonad (Figure 2a). (For simplicity, the area of
the prom-1 mutant gonad that corresponds to the pachytene
zone of the wild type will be also called pachytene zone
throughout the article, despite the fact that chromosome
pairing may be incomplete; see below.) The occurrence of
such transition zone-like nuclei in the pachytene zone of the
gonad may reflect delayed and asynchronous initiation of
homologous chromosome pairing in the prom-1 mutant
(see below).
To further determine the nature of the cells following the
zone where mitoses and DNA replication take place, we
studied the expression of SC proteins. In the wild type, SCs
form between pairs of homologous chromosomes along
their entire length, and they can be visualized as thread-like
structures corresponding to the haploid chromosome num-
ber when immunostained for SC components or associated
proteins such as SYP-1 (MacQueen et al., 2002), HIM-3
(Zetka et al., 1999), and REC-8 (Pasierbek et al., 2001) (Figure
3; Supplemental Figure S4). In the prom-1 mutant, SYP-1, a
protein that connects the synapsed partners; HIM-3, an axial
element component; and the cohesin subunit REC-8 were
present in a few patches inside nuclei proximal to the mitotic
zone. This observation confirms our interpretation that these
nuclei have entered the meiotic program and hence they
represent an extended meiotic entry zone (Figure 3, b and c),
and it suggests that PROM-1 functions very early in meiotic
prophase.
Reduced Levels of Bivalent Formation and Crossing Over
in the prom-1 Mutant
In the pachytene zone of the prom-1 mutant, all three
SC-associated proteins progressively developed into long
lines (Figure 3, b and c), indicating the occurrence of rather
extensive although incomplete synapsis. Consistent with
partial synapsis, we found a high level of univalents at
diakinesis of mutant hermaphrodites. Whereas six bivalents
are present in the wild type, in the prom-1 animals a range
of six to 12 DAPI-positive entities were detected (Figure 4, a
and b). Of the 1074 homologue pairs in the 179 diakineses
scored, 367 formed bivalents (i.e., the frequency of bivalents
was 34%), amounting to an average of approximately two
bivalents per meiosis.
The number of bivalents was highly variable. Although
39% of diakinesis cells had no bivalents, a complete set of six
bivalents was formed in 7% of cells (Figure 4b). To exclude
the possibility that the product of the close paralogue
F54D5.9 could partially substitute PROM-1, we performed
RNAi for F54D5.9 in the prom-1 mutant. Depletion of the
Figure 2. Organization of gonads in the wild
type and in prom-1 (ok1140). (a) In the wild
type, the mitotic zone of the germline (with
mitotic nuclei immunostainined for phosphor-
ylated histone H3 depicted in red) and a nar-
row meiotic entry zone (see text) is followed
by the transition zone containing crescent-
shaped nuclei and then by the pachytene zone.
In the prom-1 mutant, the mitotic zone is
followed by an extended meiotic entry zone
with large nuclei that are not crescent shaped.
The pachytene zone contains some crescent-
shaped nuclei (arrow). The vertical broken
lines indicate the boundaries between differ-
ent regions, defined by DAPI staining (see
text). (b) Incorporation of Cy3-labeled dUTP
(red) is limited to the mitotic zone in wild-type
and mutant gonads. Chromatin is stained blue
with DAPI. Bar, 10 m.
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F54D5.9 protein caused90% embryonic lethality, but it did
not further reduce the frequency of bivalents (data not
shown), indicating that the two genes do not function re-
dundantly in meiotic progression. Because reverse transcrip-
tion-PCR showed a transcript of the remaining open reading
frame in the prom-1(ok1140) mutant, there exists the possi-
bility that the mutant expresses low levels of a severely
truncated product which could exert some residual function
and perhaps cause variable expression of the mutant phe-
notype. We, therefore, studied the consequence of halving its
dosage in a prom-1(ok1140) prom-1(qDf8) heterozygote. qDf8 is a
deletion from position 1.14–4.67 cM on chromosome I, which
encompasses the prom-1 locus. Bivalent formation was still
highly variable and not significantly different (t test, p  0.05)
from the homozygous mutant (Figure 4b).
Because bivalent formation was reduced in the female
germline of the prom-1mutant, we wanted to compare it to
the crossover frequency in female meioses. Recombination
frequencies calculated from rare viable offspring may be
biased due to the preferential survival of embryos derived
from germ cells in which crossing over was highest and
hence faithful segregation of most chromosomes was en-
sured. Recombination was, therefore, assayed using freshly
laid embryos by scoring for the production of recombinant
progeny of parents carrying SNPs. To this end, we crossed
prom-1/prom-1 hermaphrodites heterozygous for two
SNP markers on chromosome V to prom-1	/prom-1	 males
homozygous for both SNP loci. (Mating was confirmed by
PCR testing the presence of a paternal GFP marker or a
wild-type copy of prom-1 in the embryos; see Materials and
Methods). All recombination scored in this experiment must
have taken place in the ovaries of prom-1 mothers. The
frequency of recombination was calculated by counting the
fraction of embryos where a recombination event caused
homozygosity of one of the two SNP markers in the progeny
(Table 1; Supplemental Figure S5). The control experiment
was done with prom-1	/prom-1	 hermaphrodites. The re-
duction in recombination in prom-1 female meiosis to
32% of the wild type corresponds reasonably well with
the reduction in chromosome V bivalent formation, with
bivalents found in 24% of diakinesis nuclei (see below).
Reduced Homologous Pairing and Nonhomologous
Synapsis in the prom-1 Mutant
Univalent formation during diakinesis can be caused by
defects in 1) homologous chromosome pairing, 2) chromo-
some synapsis, 3) recombination, and/or in 4) chiasmata
maintenance. We performed experiments to assess for po-
tential defects in these processes in prom-1.
To quantify homologous pairing, we highlighted homol-
ogous chromosomal loci by FISH (Figure 4, c and d) with
probes corresponding to loci near the left end of chromo-
Figure 3. (a) Immunostaining of SC compo-
nent SYP-1 (green) in the wild type and in the
prom-1 mutant. In the images of whole ova-
ries, the broken lines mark the borders be-
tween the zones with distinguishable nuclear
morphologies (see Figure 2a), namely, the mi-
totic zone, the meiotic entry zone and the
pachytene zone. In the wild type, small spots of
SYP-1 first occur in a narrow meiotic entry zone
just upstream of the transition zone, and then
they develop into continuous lines along the
pachytene zone. In the prom-1mutant, the mei-
otic entry zone with SYP-1 spots is greatly ex-
panded; SYP-1 starts to form lines in the distal
pachytene zone. Insets are enlarged details of
the regions indicated. By the end of the
pachytene zone, SC formation in some nuclei
is quite extensive, as is evident from the for-
mation of long SYP-1 lines, but incomplete
(arrows denote DAPI-positive chromatin re-
gions devoid of SYP-1). (For blow up images
of corresponding regions of the wild-type go-
nad, see Supplemental Figure S4.) (b) REC-8 in
the extended meiotic entry zone (left) and the
pachytene zone (right) of the prom-1 mutant
showing increasing formation of linear struc-
tures. (c) HIM-3 in the extended meiotic entry
zone (left) where it only forms spots, and the
pachytene zone (right) where in some nuclei
thick HIM-3 lines suggest the presence of syn-
apsed regions in the prom-1 mutant. Bar, 5
m (b, c, and insets in a are shown at the same
magnification).
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some I and the right end of chromosome V. In the wild type,
there was almost no association of homologous FISH signals
in the mitotic zone, but 72 and 99% of FISH signal doublets
were homologously associated in the transition zone and
pachytene zones, respectively (Figure 4d and Supplemental
Table S6). In the mutant, we evaluated the frequencies of
associated FISH signals in the mitotic zone, in the extended
meiotic entry zone, in the distal pachytene zone just proxi-
mal to the extended meiotic entry zone, and in the proximal
pachytene zone just proximal to the first diplotene nuclei.
Homologous pairing of autosomes was found to vary con-
siderably between gonads, but it was, in general, reduced
compared with the wild type (Figure 4d and Supplemental
Table S6). C. elegans chromosomes possess a pairing center
near one end that has been implicated in the maintenance of
pairing and promotion of SC formation (McKim, 2005). We
did not observe an obvious difference in the pairing of a
chromosome region near the pairing center (5S rDNA locus)
and a region at the left end of chromosome I which is distant
from it (data not shown).
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Figure 4. Reduced homologous pairing and bivalent formation in the prom-1 mutant. (a) A variable number of univalents is formed in the
prom-1 mutant. Although six bivalents are formed in diakinesis in the wild type (left), univalents are abundant in the mutant. In this
particular prom-1mutant cell (right), 10 univalents and one bivalent are present (DAPI staining). (b) Bivalent frequencies in prom-1mutant,
prom-1/qDf8 heterozygous, and wild-type diakineses. Shown is the percentage of diakinesis nuclei with the number of bivalents indicated.
n  number of diakineses scored. (c and d) Homologous pairing was tested by FISH of a locus near the left end of chromosome I (Cy3, red)
and of the 5S rDNA region on the right arm of chromosome V (FITC, green). (c) In the pachytene zone of the wild type (left), a single signal
or a closely associated pair of signals is mostly observed for both loci. In the pachytene zone of the prom-1 mutant (right), homologous loci
on autosomes remain mostly unpaired. (d) Homologous pairing frequencies of the rDNA locus in different zones of the wild-type and
prom-1 gonads as indicated by the association of FISH signals. The percentages of nuclei with paired loci (represented by a single dot or two
dots touching each other) are shown. The raw data for this figure are given in Supplemental Table S6. (e) Immunostaining of the X
chromosome-associated protein HIM-8 (orange) produces mostly a single signal in wild-type (top) and in prom-1 mutant (bottom)
pachytenes. (f) Examples of prom-1 mutant diakinesis nuclei with X chromosomes (red, FISH signal) and chromosomes V (green, FISH
signal). The X chromosomes are more often involved in bivalent formation (as indicated by signals sharing a DAPI-positive entity) than the
autosomes (see text). (g) Frequencies of homologous pairing and synapsis of the 5S rDNA locus determined by simultaneous FISH and SYP-1
staining. This experiment shows that most of the time synapsis is nonhomologous. Bars, 5 m.
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Next, we studied the pairing of X chromosomes by im-
munostaining of the HIM-8 protein that is associated with
the pairing centers on the X chromosomes (Phillips et al.,
2005) (Figure 4e). We scored the association of HIM-8 foci in
a total of 350 nuclei (in 6 different gonads) from the proximal
pachytene zone. In 69% of prom-1 nuclei, we found a single
focus or two associated foci (WT control: 99% single or
associated; n  208), suggesting that the pairing of X chro-
mosomes is affected to a lesser degree than that of auto-
somes. Likewise, when we determined bivalent formation in
diakinesis for specific chromosomes by FISH (Figure 4f), it
turned out that the X chromosomes were involved in biva-
lent formation more often than the autosomes. X chromo-
some bivalents were found in 74% of the nuclei (n  38),
whereas chromosome V bivalents were present in only 24%
of the nuclei (n  21).
Because SYP-1 thread formation indicated extensive syn-
apsis, whereas the association of homologous FISH signals
was limited, we tested to which extent synapsis in the
prom-1mutant was homologous. To this end, simultaneous
FISH of 5S rDNA loci on chromosome V and SYP-1 immu-
nostaining were performed (compare Couteau et al., 2004).
In the wild type, paired loci were associated with SYP-1 (i.e.,
synapsed) tracts in 73 of 74 nuclei scored. In the prom-1
mutant, however, one or both unpaired homologous loci
were associated with SYP-1 tracts in 69% of the nuclei (n 
213 pachytene nuclei from 7 different gonads), indicating
that they were synapsed with a nonhomologous region (Fig-
ure 4g). This suggests that nonhomologous synapsis is ex-
tensive in the prom-1 mutant.
Defective DSB Processing in the prom-1 Mutant
The recombination protein, RAD-51, assembles at sites of
meiotic DSBs (Shinohara et al., 1992), and immunostaining of
RAD-51 produces foci in late zygotene to midpachytene
nuclei, just proximal to the transition zone in wild-type C.
elegans meiosis (Alpi et al., 2003; Colaia´covo et al., 2003). In
the prom-1 mutant, RAD-51 foci appeared near the begin-
ning of the pachytene zone and they did not disappear
before diplotene (Figure 5). Moreover, their number greatly
increased toward the end of the pachytene zone. The mean
number of foci in nuclei within the RAD-51–positive region
of the prom-1 mutant was 22.0  10.0 (n  234 nuclei from
7 different gonads), whereas in the wild type this number
was only 6.0  3.5 (n  263 nuclei from 5 different gonads).
We cannot exclude the possibility that more DSBs than in
the wild type are formed in the first place, but the persis-
tence of RAD-51 foci suggests that DSBs may be formed
normally but accumulate because of their delayed repair in
the absence of PROM-1. Moreover, the 4 times increased
mean number of RAD-51 foci is comparable with other
mutants where the repair of DSBs is delayed or abolished
(Alpi et al., 2003; Colaia´covo et al., 2003).
prom-1 Acts Earlier Than htp-1
prom-1 mutants resemble htp-1 mutants with respect to nonho-
mologous synapsis, with the difference that htp-1 loads SC
components prematurely (Couteau and Zetka, 2005; Martinez-
Perez and Villeneuve, 2005). We produced a prom-1 htp-1
double mutant to study the genetic interaction between
prom-1 and htp-1. REC-8 staining highlighted the aggrega-
tions of SC proteins typical for the extended meiotic entry
zone (Figure 6). In the prom-1 htp-1 double mutant, the
extended meiotic entry zone of prom-1 was still present.
This means that the delayed entry into zygotene cannot be
suppressed by inducing premature synapsis in the htp-1
mutant, and it confirms that prom-1 acts early in the lepto-
tene/zygotene commitment upstream of htp-1. The scattered
transition zone-like nuclei found in the pachytene zone of
prom-1 were missing (Figure 6) and only univalents were
Table 1. Recombination frequencies observed on embryos between
SNP markers in cosmids F36H9 and Y51A2A on chromosome V
No. of
recombinants
No. of
embryos tested %
prom-1 9 65 13.8
Wild type 48 112 42.8
The number of recombinants corresponds to the number of embryos
homozygous for the wild-type (Bristol) or the Hawaiian SNP pat-
tern on either side of the interval.
Figure 5. The abundance and distribution of recombination sites
visualized by immunostaining of RAD-51. (a) RAD-51 foci (red) in
the prom-1 mutant and wild-type (WT) animals. For the prom-1
mutant, the distal and the proximal border of a RAD-51–positive
region are shown, where RAD-51 foci appear and are most abun-
dant, respectively. In the wild type, there is not very much variation
in the number of RAD-51 foci along the RAD-51–positive region of
which a representative section is shown. (b) The position and extent
of the RAD-51–positive region (black bars) in the gonads (shaded
bars) of prom-1 mutant and wild-type (WT) animals. Gonads were
measured from the DTC to the end of continuous cell rows (roughly
coinciding with the end of the pachytene zone) and normalized, and
the borders of the RAD-51–positive region were entered. This region
is striking due to the abundance of RAD-51 foci. In quantitative
terms, it is defined as the zone in which 90% of nuclei have more
than two prominent foci by RAD-51 immunostaining. The open and
solid arrowheads indicate the distal and proximal borders of the
transition zone of the wild type, respectively (for a classification of
meiotic stages in the gonad; see MacQueen et al., 2002), whereas the
transition zone is absent from the prom-1mutant gonads. Bar, 10 m.
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formed during diakinesis of the double mutant. This sup-
ports our assumption that the limited homologous pairing
observed in prom-1 is initiated in these transition zone-like
nuclei.
DISCUSSION
prom-1 Mutants Display a Complex Meiotic Phenotype
The prom-1 mutation causes aberrant meiotic progression
in the ovary. Following the mitotic zone of the gonad, there
was an elongated tract of cells (an expanded meiotic entry
zone) in which cells were transiently arrested right after
entry into the meiotic pathway. These cells had completed
mitotic and presumably also premeiotic DNA synthesis, and
they expressed the meiosis-specific structural proteins
HIM-3 and SYP-1. A transition zone with cells synchro-
nously initiating chromosome pairing was missing, instead,
the presence of transition zone-like nuclei in the proximal
region of the gonad seems to reflect asynchronous and re-
tarded onset of homology search. Homologous pairing and
synapsis were reduced and the number of RAD-51 foci was
increased, indicating that the repair of DSBs was abnormal.
The increased incidence of apoptotic germline cells and the
reduced brood size suggest that in prom-1 mutants a sub-
stantial portion of faulty pachytene nuclei is discarded.
By the very end of the pachytene zone the RAD-51 foci
disappeared (Figure 5). This, together with the fact that
10% of embryos are viable, suggests that although the
repair of DSBs was delayed, it must eventually have taken
place efficiently. It has been proposed that DSB repair via the
sister chromatid becomes possible at the pachytene–diplo-
tene transition once a barrier (possibly created by lateral
elements) has disappeared (Colaia´covo et al., 2003). There-
fore, it is possible that in the prom-1mutant where chiasma
formation and recombination are reduced to about one third
of the frequency in the wild type, most of the repair occurs
via the sister chromatid.
A remarkable feature of the prom-1 mutants, including the
deletion mutant, was the extreme variability of phenotypes
between individuals with respect to brood size and the
viability of their offspring, between gonads with respect to
homologous pairing, and between the cells of a gonad with
respect to bivalent formation. All these parameters were
evaluated under controlled conditions and in descendants
from homozygous prom-1 mothers to avoid a possible ma-
ternal rescue as a source of variability. (In fact, the viability
of embryos laid by homozygous prom-1 hermaphrodites,
which directly derived from heterozygous mothers was no-
tably higher (21% of laid eggs; n  1813), which suggests
some maternal rescue in the first generation.) The tested
parameters continued to vary among later descendants with
no obvious tendency to recapitulate high or low brood size,
hatch rate, pairing, or bivalent formation of their mothers
(data not shown). We do not have at present an explanation
for the variable expressivity of the mutant genotype.
PROM-1 Has a Role in Meiotic Chromosome Pairing
In prom-1 hermaphrodites, homologous pairing was re-
duced and only few nuclei with crescent chromatin arrange-
ment indicative of initial chromosome pairing were scat-
tered in the pachytene zone of the gonad. Thus, PROM-1
adds to the list of proteins that have been identified as
essential regulators of the establishment of initial pairing in
C. elegans. The protein kinase CHK-2, for example, promotes
homologous pairing (MacQueen and Villeneuve, 2001). In
contrast to prom-1 however, absence of CHK-2 also inhibits
SC formation, suggesting that the CHK-2 kinase is not di-
rectly involved in homology search and recognition but
rather plays a central role as a more upstream regulator of
meiosis, which allows it to govern both homology recogni-
tion and SC formation, which are two independent pro-
cesses in C. elegans. Also, deletion of him-3, which encodes a
meiosis-specific axial element protein causes a pairing defect
(Couteau et al., 2004). It is, therefore, conceivable that chro-
mosomal axis components have to be loaded and/or mod-
ified in time to establish a chromosomal organization, which
supports homology search. HTP-1 is another protein with a
role in initial chromosome pairing. It was shown that in
addition to its more prominent function in coordinating
pairing with SC formation, HTP-1 contributes to pairing
because in a htp-1 syp-2 double mutant initial homologous
alignment is reduced compared with a syp-2 mutant in
which alignment occurs but is not enforced by synapsis
(Martinez-Perez and Villeneuve, 2005).
Recently, the chromosome binding ZIM proteins (ZIM-1,
-2, and -3 and HIM-8) were identified as factors that facilitate
homologous contacts and SC formation. Because individual
ZIM proteins are responsible for the pairing of more than
one chromosome pair, it is unlikely that the ZIM proteins
Figure 6. Analysis of the epistatic relationship between prom-1 and
htp-1. Dissected prom-1, htp-1 and prom-1 htp-1 gonads are shown.
MZ, mitotic zone; TZ, transition zone; MEZ, meiotic entry zone; PZ,
pachytene zone. In the prom-1 mutant, a transition zone is missing,
but there is an extended meiotic entry zone. This zone is character-
ized by the expression of SC proteins, but they do not organize into
axial elements but form nuclear spots, such as seen here for REC-8.
In the pachytene zone axial elements and SCs do form but some of
the spots remain. The pachytene zone is interspersed with nuclei with
chromatin arranged in a crescent shape. In the htp-1 mutant, there is
onset of axial element formation and precocious synapsis immediately
downstream of a narrow and poorly developed transition zone. There
are no nuclei with crescent-shaped chromatin in the pachytene zone. In
the prom-1 htp-1 double mutant, the extended meiotic entry zone is
present and spots of SC proteins remain in pachytene. Nuclei with
crescent-shaped chromatin are no longer found.
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confer the specificity for the recognition of homologous
chromosomes (Phillips and Dernburg, 2006). Together with
the ZIM proteins, SUN-1 and ZYG-12 seem to impose a
certain chromosomal arrangement within the nucleus as a
precondition for pairing (Penkner et al., 2007). It remains to
be shown how PROM-1 interacts with the mentioned factors
to ensure the encounter of homologues or its manifestation
as homologous alignment.
Coordinated Meiotic Entry Is Essential for Downstream
Meiotic Events
In the wild type, only few cells of the hermaphrodite gonad
pass through the meiotic entry zone at any given time.
Hence, the older literature failed to recognize the meiotic
nature of the cells immediately upstream of the transition
zone and assigned them to the “mitotic zone.” Only more
recent accounts (MacQueen et al., 2002; Hansen et al., 2004;
Crittenden et al., 2006) associate these cells with early mei-
otic prophase. The lack of informative mutants aggravated
detailed analysis of nuclei at this stage. To date, only the
protein kinase CHK-2 was ascribed functions already at very
early steps in meiosis that are crucial for downstream mei-
otic events culminating in faithful chromosome segregation
(MacQueen and Villeneuve, 2001).
Germ cells of prom-1 mutants readily proceed through
mitosis and premeiotic DNA replication. Although they are
competent for timely entering the meiotic program as
judged by the expression of meiosis-specific proteins,
prom-1 nuclei display a pronounced delay in the meiotic
entry stage resulting in a dramatic extension of this zone.
Once prom-1 nuclei have passed the meiotic entry zone, axial
and central components of the SC are loaded and chromo-
some condensation, homologous interactions, and recombi-
nation are initiated asynchronously, consistent with the lack
of a distinct transition zone. As a consequence, prom-1 mu-
tants undergo extensive nonhomologous synapsis, a feature
shared with the weak him-3(vv6) and the htp-1 null mutants
(Couteau et al., 2004; Couteau and Zetka, 2005; Martinez-
Perez and Villeneuve, 2005). In cases (such as in haploids)
where homologous chromosomes are not available but
where the SC machinery is intact, it has been observed that
the failure to find a homologous partner leads to indiscrim-
inate nonhomologous synapsis (Loidl and Jones, 1986; Loidl,
1994). We think that SC polymerization along chromosomes
is a default process that can readily involve nonhomologous
chromosomes if homologous alignment has not been
achieved by the time SC development starts (Loidl, 1991).
Thus, HTP-1 and HIM-3 prevent nonhomologous synapsis,
because they may sufficiently delay the onset of synapsis or
otherwise coordinate alignment and synapsis to ensure that
only prealigned homologues will synapse (Couteau and
Zetka, 2005; Martinez-Perez and Villeneuve, 2005). Al-
though untimely synapsis in the htp-1 and him-3 mutants
precedes the homologous pairing step, synapsis is delayed
in the prom-1 mutant. The prom-1 htp-1 double mutant
shows the Prom-1 delayed synapsis phenotype, which indi-
cates that the early onset nonhomologous synapsis in the
htp-1 mutant requires PROM-1.
A notable difference between the prom-1 and the htp-1
mutant is that in the latter RAD-51 foci do not accumulate.
Whereas in the prom-1 mutant, a possible alternative DSB
repair via the sister might be implemented only at the
pachytene–diplotene transition after the axial elements be-
come disassembled (see above), in the htp-1 (and in the him-3
null) mutant, the sister chromatid may be efficiently used for
DSB repair in pachytene (Martinez-Perez and Villeneuve,
2005).
It is worth mentioning that bivalent formation of the X
chromosomes is less affected compared with the autosomes
in the prom-1 mutant. This behavior of the X resembles the
one in weak him-3 mutants (Couteau et al., 2004; Nabeshima
et al., 2004) and in the htp-1 null mutant (Couteau and Zetka,
2005; Martinez-Perez and Villeneuve, 2005), and it suggests
redundant or less susceptible pathways ensuring X chromo-
some pairing. A different regulation of X chromosome pair-
ing is also revealed by the fact that the concentration at the
nuclear envelope of the X chromosome specific pairing pro-
tein HIM-8 is independent of CHK-2, whereas the behavior
of its autosomal counterparts is affected in a chk-2 mutant
(Phillips and Dernburg, 2006).
PROM-1 May Play a Role in the Ubiquitination of a
Meiotic Regulator
Many F-box proteins have been implicated to act as the
substrate-recognizing component of Skp1-Cullin-F-box pro-
tein ubiquitin–protein ligase complexes (e.g., Schulman et
al., 2000; Hochstrasser, 2002). PROM-1 contains an F-box–
like motif, and it is possible that it is involved in ubiquiti-
nation. Indeed, components of the ubiquitination pathway
have been implicated in meiotic prophase control in various
organisms. In budding yeast, meiosis is impaired in mutants
of the E2 ubiquitin conjugating enzyme RAD6 (Borts et al.,
1986). In mice, loss of ubiquitin-conjugating activity by
HR6B, one of the two mammalian RAD6 homologues, re-
sults in a damaged SC structure and other meiotic anomalies
(Baarends et al., 2003). Likewise, homologous synapsis is
impaired by a mutation in the ASK1 gene of Arabidopsis,
which encodes a Skp1p homologue (Wang et al., 2004). In C.
elegans, depletion of Skp-related proteins 1 and 2 results in
univalent formation at diakinesis (Nayak et al., 2002), as does
depletion of CUL-1 (cullin) (our preliminary data). A muta-
tion in cul-1 was previously shown to cause hyperplasia of
all tissues (Kipreos et al., 1996). Thus, the pairing defect
displayed by C. elegans prom-1 mutant animals could well
be explained by a defect in ubiquitin-dependent degradation
of one or several meiotic regulators yet to be identified.
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A conserved function for a Caenorhabditis elegans
Com1/Sae2/CtIP protein homolog in meiotic
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Genome stability relies on faithful DNA repair both in
mitosis and in meiosis. Here, we report on a
Caenorhabditis elegans protein that we found to be homo-
logous to the mammalian repair-related protein CtIP and
to the budding yeast Com1/Sae2 recombination protein. A
com-1 mutant displays normal meiotic chromosome pair-
ing but forms irregular chromatin aggregates instead of
diakinesis bivalents. While meiotic DNA double-strand
breaks (DSBs) are formed, they appear to persist or under-
go improper repair. Despite the presence of DSBs, the
recombination protein RAD-51, which is known to associ-
ate with single-stranded DNA (ssDNA) flanking DSBs, does
not localize to meiotic chromosomes in the com-1 mutant.
Exposure of the mutant to c-radiation, however, induces
RAD-51 foci, which suggests that the failure of RAD-51 to
load is specific to meiotic (SPO-11-generated) DSBs. These
results suggest that C. elegans COM-1 plays a role in the
generation of ssDNA tails that can load RAD-51, invade
homologous DNA tracts and thereby initiate recombina-
tion. Extrapolating from the worm homolog, we expect
similar phenotypes for mutations in the mammalian
tumor suppressor CtIP.
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doi:10.1038/sj.emboj.7601916
Subject Categories: genome stability and dynamics; develop-
ment
Keywords: Caenorhabditis elegans; crossing over; DNA re-
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Introduction
To compensate for genome duplication upon fertilization,
sexually reproducing organisms rely on the haploidization
of their chromosome complement during meiosis. This re-
duction is achieved by a sequence of two divisions without
intervening DNA replication. During the first of these divi-
sions (meiosis I), homologous (corresponding paternal and
maternal) chromosomes separate, leaving nuclei with a sin-
gle copy of each chromosome. To ensure the orderly segrega-
tion of homologous chromosomes in meiosis I, they form
pairs (bivalents), first by being connected by the synaptone-
mal complex (SC) and after its disassembly, by chiasmata (for
a review, see Zickler and Kleckner, 1999). Chiasmata are the
consequence of a physical exchange (recombination) be-
tween DNA molecules of the homologous chromosomes
(crossing over).
Crossing over and other forms of meiotic recombination
are initiated by double-strand breaks (DSBs) in DNA, which
are generated by the meiosis-specific protein SPO-11. SPO-11
cuts DNA by a topoisomerase II-like transesterase reaction by
which SPO-11 is covalently bound to the DNA ends at DSBs
(Bergerat et al, 1997; Keeney et al, 1997). In the next step, the
50–30 half strands of the flanking DNA are resected, creating 30
single-stranded overhangs on both sides. The loading of the
single strands with RAD-51 (and in most organisms also
Dmc1) protomers (for a review, see Shinohara and
Shinohara, 2004) helps these strands to invade double-
stranded homologous DNA regions (with a preference for
DNA on the homologous chromosome) and to initiate strand
exchange. At this point, a decision is made as to whether the
strand exchange will result in a crossover or a non-reciprocal
exchange, a conversion (for recent reviews, see Bishop and
Zickler, 2004; Hollingsworth and Brill, 2004; Whitby, 2005).
In either case, the DSB will be repaired by using the homo-
logous sequence as a template for the synthesis of DNA
spanning the DSB.
The removal of SPO-11 and single-stranded DNA (ssDNA)
resection is essential for the recombinational repair of DSBs.
There are several mutations known in budding yeast in which
these steps are compromised. Mre11 and Rad50, both of
which also have mitotic functions, are required for the
formation of DSBs, but certain rad50 and mre11 separation-
of-function mutants exist, which cannot remove Spo11 from
DSBs (Alani et al, 1990; Baudat and Nicolas, 1997; Nairz and
Klein, 1997; Keeney, 2001). In addition, in com1/sae2D
mutants, Spo11 remains covalently attached to DSB ends,
which are left unresected (McKee and Kleckner, 1997; Prinz
et al, 1997; Neale et al, 2005; Prieler et al, 2005).
COM1/SAE2 was originally discovered independently by
two screens in budding yeast for mutants that can only
sporulate if meiotic DSBs are not induced due to the absence
of Spo11p. Null mutants featured unresected DSBs, absence
of recombination, reduced homologous synapsis and a very
weak sensitivity to methyl methanesulfonate (MMS) (McKee
and Kleckner, 1997; Prinz et al, 1997). Here, we report the
discovery of a putative Caenorhabditis elegans homolog of
Com1p/Sae2p and the study of its meiotic function by mutant
analysis. As recombination is not required for SC formation
in C. elegans, pairing functions are not compromised by
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defects in the recombination pathway in this organism,
which therefore facilitates the study of recombination-speci-
fic phenotypes elicited by the com-1 mutation.
In addition to the homology among the Com1/Sae2 pro-
teins with meiotic roles in C. elegans, Saccharomyces cerevi-
siae and Arabidopsis (accompanying paper by Uanschou
et al), we note their relationship to the mammalian CtIP
tumor suppressor protein. Our results, therefore, also predict
a potential function of CtIP in meiotic recombination and
genome stability in metazoans.
Results
Identification of the C. elegans com-1 gene and of com-1
mutants
Alleles of C. elegans com-1 were first obtained from a
mutagenesis screen in the laboratory of RS and identified
an embryonically lethal maternal-effect (Go¨nczy et al, 1999).
The screen was designed to recover mutations that are linked
to the unc-32 locus and map to the right portion of chromo-
some III from tra-1 to dpy-1 (see Materials and methods).
Two mutants from this screen, carrying alleles let(t1626)
and let(t1489) showed hallmarks of meiotic recombination
defects (see below). Crosses of animals carrying the two
alleles demonstrated that let(t1626) and let(t1489) are non-
complementing and represent a single locus. To identify
candidate genes within the interval between tra-1 and dpy-
1, which could correspond to the mutated locus, we assessed
the presence of homologs of known DNA-repair and/or
meiotic proteins in this region. With this aim, we extracted
all protein sequences from the worm and human genomic
databases associated with the gene ontology terms ‘DNA
repair’ or ‘meiosis’ (http://wormbase.org; Hammond and
Birney, 2004). Approximately 60 genes within the tra-1 to
dpy-1 interval could be directly linked to a known meiotic or
repair protein based on sequence similarity (Altschul et al,
1997). Among those, the protein encoded by open reading
frame (ORF) C44B9.5 stood out as the potential ortholog of
the mammalian BRCA1-associating protein CtIP (NP_976036)
(Yu et al, 2006 and lit. cit. therein). Similarity searches
against the human and worm proteomes using C44B9.5 and
CtIP show that these proteins are each other’s best and only
reciprocal BLAST hits (using full-length sequences with low
complexity regions and coiled coils masked off; E-value cut-
off 0.001) (Figure 1A). Strikingly, C44B9.5p could be identi-
fied as a homolog of S. cerevisiae Com1p/Sae2p (McKee and
Kleckner, 1997; Prinz et al, 1997) when subjecting the very C-
terminal 100 amino acids (aa) of C44B9.5p (NP_499398) to a
PSI-BLAST search against the NCBI non-redundant (nr) da-
tabase (nr version 02/2007; standard settings; NP_011340 hit
in round 7 with an Expect of 3e-05) (Altschul et al, 1997;
Marchler-Bauer et al, 2002). The search converged in round 8
with one representative per species, the conserved segment
always being situated in the very C-terminus of the gathered
proteins (Figure 1A). The collected set of Com1p/Sae2p—
C44B9.5p—CtIP homologs (Figure 1B) is in agreement with
the protein family identified in rigorous reciprocal searches
starting with yeast Com1p/Sae2p (accompanying paper by
Uanschou et al).
Sequencing of ORF C44B9.5 in the let(t1626) and
let(t1489) mutants showed that indeed they carry mutations
both in C44B9.5 let(t1626), C to T transition at base pair (bp)
1809 in the third exon of the ORF, and let(t1489), C to T
transition at bp 4030 in the sixth exon of the 5357 bp 7-exon
ORF. (Sequencing of C44B9.5 cDNA of adult wild-type her-
maphrodites revealed a deviation from the annotated mRNA
sequence in the current release WS178 of the C. elegans
WormBase. It comprises an additional small (57 bp) fifth
exon.) Both mutations define a premature stop codon
(Figure 1C) and therefore produce proteins that are missing
the most conserved and, hence, the potentially and function-
ally the most significant C-terminal portion. According to the
germline gene expression profile, the expression of C44B9.5
is not enhanced during meiosis (Reinke et al, 2000, 2004; see
http://workhorse.stanford.edu/germline/). We confirmed
the mitotic expression of ORF C44B9.5 by RT–PCR
(Figure 1D).
Owing to the protein sequence homology and the similar
phenotypes of S. cerevisiae com1/sae2 and C. elegans
let(t1626) mutants, we renamed the mutants com-1(t1626)
and com-1(t1489) following the designation in budding yeast
for Completion Of Meiotic recombination (Prinz et al, 1997),
a function the gene is likely to exert in C. elegans as well (see
below). com-1(t1626) is considered the strongest allele (phe-
notypically resembling the knockout by cosuppression, see
below) and we used it to further explore the function of the
gene.
com-1 mutant animals display a normal somatic
phenotype but are infertile
The constitutive expression of com-1 mRNA (see above)
suggests that this gene has a role during somatic growth.
However, we found that the development of homozygous
com-1 mutant worms originating from heterozygous mothers
was not notably affected or retarded compared to unc-32
control animals. On the other hand, anaphase bridges were
observed in at least 12% of mitoses (n¼ 47) in embryos
produced by these worms (inset in Figure 2). Defective
anaphases may be a consequence of the irregular disjunction
of chromosomes in the wake of an aberrant meiosis (see
below) or could indicate a slight effect of the com-1 mutation
on mitosis.
As yeast com1D/sae2D cells are reported to be sensitive to
genotoxic stress (see Discussion), we tested whether C.
elegans com-1 mutant homozygotes display a somatic growth
defect in the presence of MMS. We did not observe an effect
of MMS on somatic growth (data not shown), but it is
possible that it is prevented by a pool of COM-1 received
from the heterozygous mothers. The low fertility of the com-1
mutant (see below) precluded the investigation of a somatic
requirement for COM-1 in following generations.
The brood size of homozygous com-1 mutants was re-
duced and the viability of the offspring strongly reduced. Of a
total of 1813 fertilized eggs laid by 12 com-1 unc-32 mutant
worms (average brood size: 151 fertilized eggs), 12 hatched
but died at the L1 or L2 stage, which is a hatch rate of 0.7%.
By comparison, of the 1183 eggs laid by 6 unc-32 control
animals (average brood size: 197 fertilized eggs), 1177
(99.5%) produced adult progeny. To find out the cause for
the sterility of the mutants, we studied gonadal development
and meiosis under the microscope.
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Gonad morphology and meiotic pairing are normal in
the com-1 mutant
DAPI staining revealed morphologically inconspicuous com-
1(t1626) mutant gonads (Figure 2). Like wild-type gonads,
they were subdivided into a mitotic plus meiotic entry zone, a
transition zone and a pachytene zone (Albertson et al, 1997;
Schedl, 1997; Figure 2).
C44B9.5  com-1
C    TC    T
com-1/let(t1626) com-1/let(t1489)
* *
1809 bp                                                  4030 bp
A
B
C
CtIP NP_976036
Homo sapiens897
506
345
COM-1
NP_499398 C44B9.5
C. elegans
Sae2p/Com1p
P46946
S. cerevisiae
Reciprocal proteome BLAST E=3e − 06 E=1e − 07
PSI-BLAST E=3e − 05, r7
com-1
M un
c-
32
co
m
-
1(t1
62
6)
co
m
-
1(t1
48
9)
un
c-
32
em
bry
os
1.2 kb
1 kb
*
0.5 kb 0.7 kb
D
spo-11
M* un
c-
32
co
m
-
1(t1
62
6)
co
m
-
1(t1
48
9)
un
c-
32
em
bry
os
lmn-1
M* un
c-
32
co
m
-
1(t1
62
6)
co
m
-
1(t1
48
9)
un
c-
32
em
bry
os
Figure 1 Homologous relationships between C. elegans C44B9.5p and other family members and a map of the C44B9.5 locus. (A) Protein
architecture of the homologous sequences CtIP (RBBP8), C44B9.5p (COM-1) and Com1p/Sae2p. The organization of proteins in this family is
dominated by intrinsically unstructured regions. Pronounced ordered segments, indicated by gray boxes, are commonly found in the very C-
terminus. Reciprocal proteome BLAST searches performed using coils and low-complexity filtered full-length proteins are indicated by black
arrows. The gray arrow indicates PSI-BLASTsearches started with the C-terminal 100 amino acids (aa) of C. elegans C44B9.5p and leading to S.
cerevisiae Com1p/Sae2p in round 7. (B) Multiple sequence alignment of the C-terminal conserved region in Com1/Sae2/C44B9.5/CtIP
homologs. Note that the sequenced cDNA reveals a longer C. elegans COM-1 protein sequence due to an additional exon, than predicted by the
current WormBase Release WS178. Alignment visualization and gray-scale conservation shading are performed using GeneDoc (Nicholas et al,
1997; http://www.psc.edu/biomed/genedoc/gdfeedb.htm). A sequence consensus is shown beneath the alignment if a relative frequency cut-
off (50, 70 or 90%) is met by individual aa or one of the following aa categories: alcoholic (denoted by ‘o’ and including S and T), aliphatic (‘l’
for I, L and V), aromatic (‘a’ for F, H, W and Y), positive (‘þ ’ for H, K and R), negative (‘’ for D and E). An indication of selected taxonomic
groups is included in front of the species names for nematodes (N), chordates (C) and fungi (F). Genomic sequences as the basis for ‘predicted’
protein sequences were derived from www.genome.wustl.edu for nematodes and www.ensembl.org for chordates. (C) Map of the C44B9.5
(com-1) locus on chromosome III with the positions of the mutations in alleles t1626 and t1489. (D) Amplification of com-1, spo-11 and
ubiquitously expressed control lmn-1 cDNAs in wild-type and mutant backgrounds (asterisks: null-template control, M: size marker). Stable
com-1 transcripts are recovered from com-1(t1626) and com-1(t1489) mutant hermaphrodites. com-1 but not the meiosis-specific recombina-
tion gene spo-11 is mitotically expressed in wild-type embryos.
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To determine whether a normal SC was formed in the
pachytene zone, nuclei were immunostained for REC-8 and
HIM-3, two components of the lateral elements of the SC.
Moreover, the presence and localization of the SC transversal
protein SYP-1 was tested by immunostaining. All three
proteins showed a normal abundance and distribution in
pachytene (Figure 3). Having thus confirmed that extensive
SC was formed between chromosomes in the mutant, it was
determined whether it connected homologous chromosome
regions. For this, homologous chromosome loci were high-
lighted by HIM-8 staining and FISH. HIM-8 specifically binds
to the pairing center of the X chromosome and can be used to
mark this locus near the left end of this chromosome (Phillips
et al, 2005). Similarly, FISH was used to delineate the 5S
rDNA locus on the right arm of chromosome V. Both HIM-8
staining and FISH produced a single signal or two closely
associated signals in most pachytene nuclei (Figure 4A),
revealing that the corresponding chromosomal regions were
homologously paired in com-1(t1626) (Figure 4B).
No distinct diakinesis bivalents are formed in the com-1
mutant
Unlike the wild type where six distinct bivalents can be
observed per diakinesis cell, a variable number of diffuse
DAPI-stained entities were present in the com-1 mutant
(Figure 5A and B). Scoring of 68 late diakineses from 44
gonads revealed a range from 12 chromatin masses to a single
large clump. Chromatin masses appeared less condensed
than wild-type bivalents at the corresponding stage and
they were sometimes connected by thin DAPI-positive
Figure 2 Comparison of wild-type (unc-32) and com-1 unc-32 mutant gonads (composite images). The morphology of com-1(t1626) mutant
gonads does not notably differ from that of wild-type gonads. The mitotic zone is followed by a distinct transition zone displaying the typical
polarized arrangement of meiotic chromosomes. In the pachytene zone, nuclei with DAPI-positive parallel tracks of chromatin are found. The
inset shows nuclei of a com-1 embryo with a DNA bridge. DNA is stained with DAPI.
Figure 3 Immunostaining of SC components in the pachytene zone of wild-type and com-1 mutant gonads. Axial element components REC-8
(red) and HIM-3 (green) and the transversal filament component SYP-1 (yellow) appear normal in the mutant indicating normal SC assembly.
Chromatin is counterstained with DAPI (blue).
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threads. Judging from their sizes, some of the free chromatin
structures may be bivalents and others, individual chromo-
somes, whereas yet some others could represent chromo-
some fragments. A similar phenotype was observed after
depletion of COM-1 by cosuppression (Figure 5B). The
clumping, stickiness and fragmentation of diakinesis chromo-
somes possibly indicate inefficient repair of DSBs, as it is
frequently observed in mutants in which DSBs are not
normally repaired (Rinaldo et al, 2002; Alpi et al, 2003;
Takanami et al, 2003; Martin et al, 2005; see Discussion).
To test whether meiotic DSBs are formed in the first place
and whether they contribute to the abnormal chromosomal
morphology in the com-1 mutant, we constructed a spo-11D
com-1 double mutant. In the spo-11D background, DSBs do
not form in the first place (Dernburg et al, 1998) and DSB-
dependent clumping and undercondensation should not
occur (Figure 5C). Indeed, the com-1 mutant phenotype was
largely alleviated by the double mutation (Figure 5C). Of 67
cells in diakinesis, 53 (79%) showed 12 distinct DAPI-posi-
tive structures, that is, univalents and another 18% showed
11 entities (Figure 5F). Similarly, the mre-11D mutation
(which also prevents DSB formation; Chin and Villeneuve,
2001; see below) abolished the clumping phenotype of com-1
and restored normally shaped univalents in a double mutant
(data not shown). The absence of clumping in the com-1 spo-
11D and the com-1 mre-11D double mutants suggests that it
may be caused by unrepaired or inappropriately processed
DSBs in the com-1 mutant.
To directly visualize meiotic DSBs in the com-1 mutant, we
depleted REC-8 by RNAi in the mutant. In the absence of
REC-8, homologous chromosomes are unpaired and sister
chromatids are separated which impedes the repair of DSBs
by homologous and sister chromatid recombination.
Moreover, unrepaired DSBs are exposed as free chromosome
fragments which would not be seen if they were attached to
their corresponding (intact) sisters in the presence of REC-8
(Pasierbek et al, 2001; Colaia´covo et al, 2003; Figure 5D).
Indeed, numerous chromosome fragments were present in
diakineses of com-1 mutant animals deprived of REC-8
(Figure 5D), whereas in the spo-11D rec-8(RNAi) control no
fragments were found (Figure 5D). This observation confirms
the occurrence of SPO-11-dependent DSBs in the com-1
mutant.
Viability of the com-1 mutant progeny is improved by
the absence of meiotic DSB
To test whether the high embryonic lethality of the com-1
mutant depends on the induction of meiotic DSBs, we
decided to analyze the viability of the progeny in the DSB-
less com-1 mre-11D double mutant. In this background,
viability should be improved to the level permitted by the
production of chromosomally balanced gametes and embryos
due to the random segregation of univalents. Embryo viabi-
lity of mre-11D hermaphrodites had been found to be 3.1%
(Chin and Villeneuve, 2001). (Embryo viability of the spo-11D
mutant is much lower, which precluded its use for this
experiment.) In our hands, the mre-11D unc-32 control pro-
duced 4.1% viable embryos (n¼ 1763 fertilized eggs laid by
10 animals). The hatch rate of eggs of a com-1 mre-11D double
mutant was 4.3% (n¼ 1885 eggs from 12 hermaphrodites).
Thus, while the hatch rate of com-1 mutant progeny is only
0.7% (see above), the viability of embryos of a com-1 mre-
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Figure 4 Homologous pairing is not affected in the com-1 mutant. (A) FISH of the 5S rDNA locus on chromosome Vand immunostaining of the
X chromosomal protein HIM-8 both produce a single spot (or two closely adjacent spots) in pachytene nuclei of unc-32 com-1 and of unc-32
control gonads, indicating that the corresponding homologous chromosome regions are paired. Chromatin is counterstained by DAPI (blue).
(B) Frequencies of paired chromosomes V and X (as monitored by the association of FISH signals or HIM-8 foci, respectively) along the gonad.
Two signals touching each other or merged into a single signal were scored as paired. Gonads were divided into six intervals of equal lengths
between the distal tip and the end of the pachytene zone. The lines labelled ‘n¼ ’ indicate the number of nuclei evaluated for the corresponding
data point. For the FISH experiment, they were sampled from four and for the HIM-8 experiment from three gonads.
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11D double mutant is restored to the level of the mre-11D
single mutant, which is consistent with the interpretation that
unrepaired or improperly repaired DSBs are the cause of
embryonic lethality in the com-1 mutant.
RAD-51 protein foci do not form normally on chromatin
in the com-1 mutant
The recombination protein RAD-51 associates with 30 ssDNA
overhangs flanking DSBs to form long nucleoprotein fila-
ments (Shinohara et al, 1992). In the wild type, RAD-51
localizes to meiotic chromosomes from late zygotene to
mid-pachytene (Alpi et al, 2003; Colaia´covo et al, 2003;
Figure 6). This corresponds to the region where recombina-
tion is believed to take place. In contrast, in the com-1
mutant, despite the formation and persistence of DSBs,
RAD-51 foci were virtually completely missing in the corre-
sponding zone of the gonad (Figure 6; Supplementary Figure
1). As western analysis demonstrated that the RAD-51 protein
was expressed in the com-1 mutant (data not shown), the
absence of RAD-51 foci must be due to the inability of RAD-51
to associate with DNA flanking the DSBs.
Remarkably, however, immunostaining with RAD-51 anti-
body produced strong foci in a few nuclei scattered all along
the gonad (Figure 6). In the six gonads where these foci were
counted, the average number of foci/gonad was 24.5 and the
maximum was 41. They occurred frequently in pairs within a
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Figure 5 Appearance and quantification of chromosomal structures in diakinesis nuclei; DAPI staining. (A–E) Diakinesis in the wild type and
in mutants (all of the unc-32 background) without and after g-irradiation. (A) Six bivalents are present in the wild type. (B) Examples of
chromatin masses in the com-1 mutant. The mutant displays a variable number of sometimes interconnected chromatin masses ranging from
more than six to a single clump plus a few small fragments (arrows). The rightmost image shows a diakinesis from a gonad in a com-1
cosuppression line. (C) Univalent formation by the spo-11D mutant (left), and the com-1 spo-11D double mutant (right). (D) Depletion of REC-8
by RNAi causes the formation of chromosome fragments (arrows) as an indication of DSBs in the wild type (top) and in the com-1 mutant
(middle), but not in the spo-11D mutant (bottom). (E) Diakineses after g-irradiation. Top: dispersed chromatin masses in the com-1 mutant;
they do not notably differ from those in unirradiated cells. Middle: irradiation restores bivalent formation in the spo-11D mutant. Bivalents are
irregularly shaped presumably because the frequency and distribution of crossovers is not wild type. Bottom: irradiation restores chromatin
clumping in com-1 spo-11D mutant diakineses. (F, G) Frequency distribution of DAPI-positive entities in diakinesis nuclei without (F) and after
(G) g-irradiation. *The frequencies of DAPI-positive entities in the com-1 mutant are based on estimates, as the dispersed and partially
interconnected chromatin masses precluded exact counting.
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nucleus. These sporadic foci did not depend on (untimely
expressed) SPO-11, as they also occurred in a spo-11D com-1
double mutant (Figure 6; average number 27.3 foci/gonad
with a maximum of 37; n¼ 6 gonads). In com-1þ /þ controls,
such extra foci were virtually missing (unc-32 spo-11D strain:
+ 2.1 foci/gonad, n¼ 8 gonads; unc-32 strain: + 1.9 foci
outside the zygotene-mid-pachytene zone, n¼ 11 gonads).
Notably, Rad-51 foci, similar in number and distribution to
those in the com-1 mutant, were found in an mre-11D strain
(data not shown). We assume that these foci represent RAD-
51-binding repair intermediates at certain DNA lesions that,
in the absence of COM-1 and MRE-11, cannot undergo
efficient repair. The occurrence of RAD-51 foci in the com-1
mutant also suggests that, while COM-1 is necessary for the
loading of RAD-51 at meiotic DSBs, it could play a role
subsequent to RAD-51 loading in other repair processes.
Recently, spontaneous (SPO-11-independent) RAD-51 foci
were also detected in rad-50 mutant germ lines and inter-
preted as spontaneous DNA breaks that arose during the
course of DNA replication (Hayashi et al, 2007).
c-irradiation induces RAD-51 foci in the absence of
COM-1
To further test whether the inability to load RAD-51 is specific
to masked DNA ends (such as those at meiotic DSBs), we
induced DSBs by g-irradiation. We observed massive RAD-51
foci formation in nuclei along the entire gonad not only in
young embryos in the wild type and in the spo-11 mutant but
also in the com-1 mutant and the spo-11D com-1 double
mutant (Figure 6). This demonstrates that RAD-51 is in
Figure 6 Immunostaining of the recombination protein RAD-51 (red) in whole gonads (composite images—left). Enlarged details from the
corresponding gonads are shown to the right. While in the wild type abundant RAD-51 foci indicate ongoing recombination in late transition
zone to early pachytene, there is no such RAD-51-rich zone in the com-1 mutant gonad. Throughout the gonad, however, stray nuclei show few
strong RAD-51 foci. These foci are missing in the spo-11D mutant strain but are present in the com-1 spo-11D double mutant. (For the
frequencies of RAD-51 foci per nucleus and the distribution of RAD-51 foci-bearing nuclei within the gonads see Supplementary Figure 1.) g-
irradiation induces RAD-51 foci formation in all strains, including the com-1 mutant (data not shown) and the com-1 spo-11D double mutant. In
each gonad, the left arrowhead denotes the border between the mitotic zone and the transition zone and the right arrowhead the border
between the transition zone and the pachytene zone.
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principal able to load onto DSB-flanking ssDNA in the
absence of COM-1. In a similar experiment, we induced
DNA interstrand-crosslinks (ICL) by mitomycin treatment.
In this case, COM-1 was also not required for the formation of
RAD-51 foci which likely indicate the loading of RAD-51 at
DSB intermediates during ICL formation (Dronkert and
Kanaar, 2001; data not shown). These observations suggest
that loading of RAD-51 foci is prevented only in the case of
SPO-11-generated (meiotic) DSBs.
Irradiation-induced meiotic DSBs do not restore normal
bivalent formation in the absence of COM-1
As the above observations suggest that COM-1 plays a role in
the processing of meiotic SPO-11-induced DSBs, DSBs formed
independently of SPO-11 should be processed normally in the
com-1 mutant. In C. elegans, it has been shown that a high
frequency of bivalent formation can be restored in spo-11D
mutants by g-irradiation (Dernburg et al, 1998). We used this
approach to induce DSBs in a spo-11D com-1 double mutant to
see whether SPO-11-independent DSBs can be converted into
chiasmata in the absence of COM-1.
Irradiation of the com-1 mutant (for experimental condi-
tions see the Materials and methods section) did not notably
change the appearance of the dispersed and clumped chro-
matin masses (Figure 5E and G). When we irradiated the spo-
11 null mutant strain, 92% of cells in diakinesis (n¼ 75)
showed six bivalents (Figure 5E); only 8% displayed more
than six entities, indicating the presence of univalents
(Figure 5G). As was mentioned above, spo-11 is epistatic to
com-1 and distinct univalents were prevalent in the double
mutant (Figure 5C). Irradiation of the spo-11D com-1 double
mutant did not induce normal bivalent formation during
diakinesis, but it restored dispersed chromatin aggregates
resembling those of the untreated com-1 mutant
(Figure 5E). This suggests that, while radiation-induced
DSBs occur and load RAD-51 in the absence of COM-1 and
SPO-11, this is not sufficient to rescue normal meiosis. It is
possible that COM-1 function continues to be required after
RAD-51 loading or that RAD-51 loading onto radiation-in-
duced lesions is only partial.
Apoptotic cell death is not increased in the com-1
mutant
Under normal growth conditions, approximately 50% of
female germ cells are fated to die by programmed cell
death, which is genetically distinct to checkpoint-induced
cell death, and results in a steady-state level of 0–4 morpho-
logically apoptotic cells per gonad (Gumienny et al, 1999). As
the com-1 mutant arrests with unrepaired DSBs, we wanted to
determine whether the com-1 mutation elicits elevated germ
cell apoptosis due to the activation of the C. elegans DNA
damage checkpoint response (Gartner et al, 2000). By stain-
ing cell corpses with acridine orange, we found that the
frequency of apoptotic nuclei was not higher in the mutant
as compared to the wild type (Figure 7). It was only non-
significantly elevated over an spo-11D control, which shows
only background levels of dead cells due to DSB-independent
programmed cell death (Colaia´covo et al, 2003). This sug-
gests that either the DSB intermediates in the com-1 mutant
do not trigger a checkpoint response or alternatively, that
COM-1 is required for the signalling of apoptosis.
Discussion
COM-1 has a function in DNA repair and recombination
Here, we studied by mutational analysis the meiotic function
of COM-1, a newly identified C. elegans homolog of the S.
cerevisiae Com1/Sae2 protein. In accordance with the re-
ported role of the protein in budding yeast (McKee and
Kleckner, 1997; Prinz et al, 1997; Usui et al, 2001; Bilic,
2003; Lisby et al, 2004; Clerici et al, 2005), we found that it is
not only required for the processing of meiotic DSBs but may
also have a repair function in non-meiotic cells.
In com-1 rec-8(RNAi) animals, we detected SPO-11-depen-
dent chromosome fragments diagnostic of DSBs (Pasierbek
et al, 2001; Colaia´covo et al, 2003), which indicates that
meiotic DSBs are formed by the com-1 mutant. Moreover, in
diakinesis of the com-1 mutant, we occasionally observed
small chromatin entities, which indicates that these DSBs
remain unrepaired. The mutant also featured clumped and
poorly condensed chromatin masses resembling those which
occur in the absence of RAD-51 (Rinaldo et al, 2002; Alpi
et al, 2003; Takanami et al, 2003; Martin et al, 2005) or of
BRC-2 (Martin et al, 2005). The diffuse appearance of diakin-
esis chromatin has been interpreted to be a consequence of
massive DNA fragmentation that occurs due to the generation
of multiple DSBs that cannot be repaired in rad-51 mutants,
as Rinaldo et al (2002) found that it was suppressed in
rad51(RNAi) spo-11 and rad51(RNAi) mre-11 mutant strains,
which fail to generate meiotic DSBs. Furthermore, irradiated
diakinesis nuclei of mre-11 mutants look similar to those
lacking RAD-51, possibly because breaks that are generated
upon irradiation cannot be repaired (Chin and Villeneuve,
2001).
Our interpretation that chromatin undercondensation and
clumping at diakinesis indicate the persistence of DSBs is
supported by the alleviation of this phenotype in spo-11 and
mre-11 mutant backgrounds, where DSBs are not generated in
the first place. Moreover, the absence of RAD-51 foci (which
mark the strand invasion step in the recombinational repair
of DSBs) suggests that the repair of meiotic DSBs is canceled
before homologous strand invasion in the absence of COM-1.
We detected neither a somatic growth defect in com-1
mutant animals nor a higher sensitivity to MMS treatment,
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Figure 7 The frequency of apoptotic nuclei is not increased in the
mutant as compared to the wild type and to the spo-11D mutant
where DSB-induced apoptosis does not occur. The syp-2D mutant
where apoptotic cell death was reported to be increased (Colaia´covo
et al, 2003) served as a positive control.
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but both might possibly be prevented by the action of
maternally inherited COM-1 of F2 animals. Later generations
could not be tested because of the low fertility of com-1
mutants. However, we obtained circumstantial evidence for
the involvement of COM-1 in the non-meiotic DNA repair
activities, as in its absence RAD-51 foci were formed on
chromatin in nuclei throughout the germ line. These foci,
which were also detected in worms lacking MRE-11, could
signal stalled repair or attempted alternative repair paths in
the absence of these two proteins. It should also be men-
tioned that a double mutant of com-1 with lig-4 (which is
defective in non-homologous end joining (NHEJ)—Martin
et al, 2005) is very likely synthetically lethal as no offspring
in later generations could be recovered after RNAi depletion
of LIG-4 in com-1 animals (data not shown). This suggests
that in the absence of COM-1 certain lesions cannot undergo
recombinational repair and must rely on NHEJ.
COM-1 may act preferentially on meiotic DSBs
With COM-1’s role in mitotic repair being insignificant or
redundant, it is possible that the mutant’s repair defect
exclusively or primarily concerns meiotic (SPO-11-generated)
DSBs. Our observation that RAD-51 is unable to associate
with meiotic DSBs but able to associate with g-irradiation-
generated (and rare spontaneous) DNA lesions is consistent
with the reported role of Com1p/Sae2p in budding yeast,
namely to help generate ssDNA, which is capable of loading
RAD-51.
At the same time, we noticed that the presence of (radia-
tion-induced) RAD-51-decorated DNA lesions is not sufficient
to support normal bivalent formation in the com-1 mutant.
One possible explanation could be that COM-1 may also exert
a function following the formation of the RAD-51 nucleofila-
ment. Another hint at such an additional function comes
from the observation of putative repair intermediates, which
can load but not remove RAD-51 in the absence of COM-1
(Figure 6).
Considering the fact that there is only a limited require-
ment of Com1p/Sae2p for mitotic DSB repair also in budding
yeast (see below), Bilic (2003) and Franz Klein (personal
communication) suggested that a specific requirement for
Com1p/Sae2p might exist under meiotic conditions (e.g., the
axial elements) in yeast by which crossover-incompetent
modes of repair are restrained. This conjecture is corrobo-
rated by the observation that the com1D mutant phenotype is
partially suppressed by mutations in RED1 and HOP1, which
cause reduced formation of axial elements (Woltering et al,
2000). A requirement of C. elegans COM-1 for DSB repair
specifically in the meiotic context would also explain our
observation that irradiation-induced DSBs in meiosis,
although they can load RAD-51, do not promote the forma-
tion of normal bivalents in the absence of SPO-11.
Recombination intermediates that accumulate in the
com-1 mutant do not signal a checkpoint
The com-1 mutation did not trigger apoptotic cell death above
wild-type level. It has previously reported that unrepaired
DSBs per se do not trigger cell death in cases where DSB
repair was defective due to the unavailability of the homolog
as the template for repair in rec-8(RNAi) and him-3 mutants
(Alpi et al, 2003). On the other hand, apoptosis was increased
in a rad-51 mutant (Alpi et al, 2003; Martin et al, 2005) where
ssDNA at DSBs is not associated with a RAD-51 array.
Colaia´covo et al (2003) attributed the disposition of recombi-
nation intermediates to trigger the pachytene checkpoint to
different stages in their processing, such as featuring unen-
gaged 30 ssDNA ends or nascent strand exchange intermedi-
ates. Hence, it is conceivable that unmasked ssDNA, such as
in the rad-51 mutant, is efficient in eliciting a DNA damage
checkpoint response, whereas if ssDNA ends are concealed or
absent, the lesion is not visible to the checkpoint machinery.
This would be consistent with the interpretation that DNA
flanking meiotic DSBs is not resected in the absence of COM-
1. An alternative explanation would be that com-1 may act in
the regulation of checkpoint signalling of unrepaired DSBs
(compare Clerici et al, 2005).
The Com1/Sae2 protein is moderately conserved and
related to the mammalian tumor suppressor CtIP
A moderate sequence conservation between the COM-1
group proteins over a wide spectrum of organisms was
demonstrated by sequence analytical methods (Figure 1).
These proteins also posses a similar general architecture.
They are mostly disordered and low-complex (Pdisorder;
www.softberry.com) except for the C-terminal 70–100 aa
corresponding to the region of highest sequence conserva-
tion. The conserved C-terminal segment is always preceded
by a predominantly low-complex region of variable length.
In addition to the similarities at the sequence level, studies
of C. elegans com-1 (this paper) and Arabidopsis Atgr1/com1
mutants (accompanying paper by Uanschou et al) show
functional similarities of the respective proteins to S. cerevi-
siae Com1p/Sae2p.
In budding yeast com1/sae2 mutants, meiotic recombina-
tion is defective as Spo11p remains covalently attached to
DNA ends, which are left unresected (McKee and Kleckner,
1997; Prinz et al, 1997; Neale et al, 2005; Prieler et al, 2005).
Yeast Com1p/Sae2p also plays a role in vegetative growth.
com1/sae2D mutants exhibit slight sensitivity to MMS, hy-
droxyurea or ionizing radiation and subtle repair defects of
spontaneous lesions (Usui et al, 2001; Lisby et al, 2004;
Clerici et al, 2005). In addition, the phosphorylation of
Com1p/Sae2p in vegetative cells following DNA damage
suggests that it is active in DNA repair (Baroni et al, 2004).
All these observations are consistent with a role of Com1p/
Sae2p in the processing of DSBs.
The evolutionarily conserved MRX protein complex (a.k.a
MRN complex) has multiple roles not only in DNA repair
processes (Assenmacher and Hopfner, 2004), but also in the
formation of meiotic DSBs by generating 30 ssDNA tails at
sites of DSB lesion (Neale et al, 2005). It was proposed that
Com1p/Sae2p interacts with the MRX complex (Clerici et al,
2005) and is involved in the removal of Spo11p, possibly by
regulating the nuclease activity of the MRX complex (Rattray
et al, 2001) and thus allowing loading of Rad51p, homologous
strand invasion and recombinational repair to proceed.
In mitosis, Com1p/Sae2p may be dispensable because of
partially redundant functions such as that of exonuclease
Exo1, which contributes to DSB resection independently of
the MRX complex (Llorente and Symington, 2004; Nakada
et al, 2004). The existence of redundant pathways is also
suggested by the co-lethality of com1D and rad27D
(Debrauwe`re et al, 2001; Tong et al, 2001) and com1D and
top3D (Franz Klein, personal communication).
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While the somatic roles of Com1p are less well defined, the
importance of the mammalian Com1p homolog, CtIP (a.k.a.
RBBP8) for genomic integrity was demonstrated by hetero-
zygous CtIPþ / mice, which suffer from a higher incidence of
tumors than wild-type mice (Chen et al, 2005). CtIP is a
multifunctional protein with roles in checkpoint control,
transcriptional regulation of genes that are important for
DNA-damage response and cell-cycle progression, in DNA
replication and developmental control (Barber and Boulton,
2006; Wu and Lee, 2006). Human CtIP is required for the
DNA damage checkpoint response and/or repair, most likely
by its interaction with BRCA1 (Yu and Chen, 2004; Greenberg
et al, 2006). BRCA1 E3 ligase specifically binds to phosphory-
lated forms of CtIP and promotes CtIP ubiquitylation.
Ubiquitylated CtIP binds to chromatin (possibly at the sites
of DNA damage) (Yu et al, 2006). It is conceivable that CtIP’s
checkpoint activity is due to its involvement in the formation
of a ssDNA repair intermediate that can be sensed by the
checkpoint machinery. Such a role would be consistent with
the proposed roles of its homologs of the Com1 family. While
we could not confirm a COM-1–BRC-1 interaction in a yeast
two-hybrid assay despite the documented interaction of
human CtIP and BRCA1, the assay suggested COM-1 homo-
dimerization (data not shown), which is consistent with the
documented homodimerization for CtIP (Dubin et al, 2004).
In support of a potential role of CtIP in meiotic recombina-
tion, northern analysis had shown that CtIP mRNA was most
abundant in testis as compared to other healthy tissues
(Wong et al, 1998). Furthermore, we noted that worms
carrying the com-1(t1489) allele lacking only the C-terminal
conserved part (Figure 1C) displayed the full-fledged mutant
phenotype (data not shown), although mRNA is stably
expressed (Figure 1D). Thus, allele com-1(t1489) demon-
strates that the region which is conserved between COM-1
and CtIP, is important for meiosis. The meiotic role of this
region is confirmed by mutagenesis studies in yeast by
Uanschou et al (accompanying paper). Substitution of proline
268 and other conserved amino acids in the C-terminal part of
yeast Com1 caused a substantial reduction of sporulation
efficiency and spore viability. As ctip/ mice are embryonic
lethal (Chen et al, 2005), the confirmation of whether CtIP
shares a meiotic function with its homologs has to await a
conditional germline knockout.
Materials and methods
Worm strains and culture conditions
Strains N2 (wild-type), AV106 spo-11(ok79) (Dernburg et al, 1998)
and AV112 mre-11(ok179) (Chin and Villeneuve, 2001) were
obtained from the Caenorhabditis Genetics Center (University of
Minnesota, St Paul, MN). Strains GE2258 unc-32(e189) com-
1(t1626)/qC1 III him-3(e1147) IV and GE2212 unc-32(e189) com-
1(t1489)/qC1 III him-3(e1147) IV were generated in the laboratory
of RS. They were produced by mutagenesis of an unc-32(e189)/
qC1III balancer strain, and candidate mutations were preselected for
their linkage to the unc-32 locus within the tra-1 to dpy-1 interval
(Go¨nczy et al, 1999), which is spanned by the qC1 balancer (Edgley
et al, 1995). They carry the weak e1147 allele of him-3, which was
used to raise the percentage of male progeny toB3.5% (Zetka et al,
1999). him-3 was outcrossed by crossing GE2258 and GE2212 males
to N2 hermaphrodites and selecting for F1 progeny segregating Unc
F2. In addition, unc-32(e189) homozygotes were produced to serve
as com-1þ wild-type controls. com-1 spo-11 and com-1 mre-11
double mutants were obtained by crossings of heterozygotes of
com-1(t1626) and spo-11(ok79) or mre-11(ok179). Worms were
grown on NGM plates seeded with Escherichia coli OP50 (Brenner,
1974) at 201C.
cDNA preparation and analysis
Total RNA was isolated from homogenized adult hermaphrodites or
eggs by TRIzol Reagent (Invitrogen), following the manufacturer’s
instructions. mRNA purification was performed with Dynabeads
Oligo (dT)25 (Invitrogen), following the manufacturer’s instruc-
tions. cDNA libraries were made with the RETROscript kit
(Ambion). To test the expression of C44B9.5 (com-1), the first
1092 bp of the corresponding cDNA were amplified. spo-11
transcripts were detected by the amplification of 502 bp of the
cDNA comprising exon 3 to exon 5. Amplification of 723 bp (exon 1
to exon 5) of the ubiquitously expressed lmn-1 cDNA served as a
control of the quality and quantity of the cDNA.
rec-8 RNA interference
Production of double-stranded RNA (dsRNA) for rec-8RNAi was
carried out as in Pasierbek et al (2001). rec-8RNAi was performed by
injection according to Colaia´covo et al (2002). In short, 1–5mg/ml
dsRNA was injected into the body cavity of young adult
hermaphrodites. Injected worms were kept at 201C. Diakinesis
nuclei of the germ line of young adult F1 worms were evaluated by
DAPI staining (see below).
com-1 cosuppression
Germline-specific depletion of com-1 mRNA was performed by
cosuppression (Dernburg et al, 2000). A PCR product comprising
1.5 kb of 50 regulatory sequence and the first three exons was
coinjected with the rol-6(su1006) marker. The PCR product was
generated with primers MJ1486 (50-cgattaccgcataaaccactacg-30) and
MJ1487 (50-gccagtgtgaaatcgagttgctc-30). Gonads of young adult F3
hermaphrodites expressing the roller phenotype were dissected,
DAPI-stained (see below) and inspected for their diakinesis
phenotype.
c-irradiation assay
Irradiation experiments were performed according to Dernburg et al
(1998) to score irradiation-induced bivalent formation at diakinesis.
In short, young adult hermaphrodites were exposed to 5000 rads of
g-radiation from a 60Co-source. To determine the time during which
pachytene cells with g-ray-induced DSBs matured into diakineses,
spo-11(ok79) unc-32(e189) control worms were examined at
various times after irradiation. Despite the fact that the gonads of
unc-32(e189) worms are somewhat shorter than those of N2
worms, the maximum frequency of bivalents was found to be in
accordance with Dernburg et al (1998) 18 h after exposure. For the
analysis of irradiation-induced RAD-51 loading, worms were cut
open 90 min after irradiation. Eggs of irradiated com-1 spo-11
animals, which were used for scoring diakineses were tested by PCR
for homozygosity of the com-1(t1626) allele, as it tended to
segregate away at a low frequency from the unc-32 marker
(separation: 5.5 cM) by which it was selected for.
Cytological techniques
Hermaphrodites were cut open to release the gonads in 6ml of 1
PBS on a microscope slide and fixed by the addition of an equal
volume of 2% formaldehyde. The material was immediately
covered with a coverslip and kept at room temperature for 5 min.
The coverslip was removed after freezing the preparations in liquid
nitrogen and the slides were then transferred to ice-cold methanol
for 5 min. After washing the slides three times for 5 min in 1 PBS
supplemented with 0.1% Tween 20 (PBS-T), they were mounted in
Vectashield antifading medium (Vector Laboratories Inc., Burlin-
game, CA) containing 2mg/ml 40 6-diamidino-2-phenylindole
(DAPI) for the staining of chromatin and chromosomes.
For immunostaining, worms were cut on a slide, covered with a
coverslip, which was removed after freezing in liquid nitrogen. The
preparations were fixed for 1 min in ice-cold methanol and were
immediately transferred to PBS-Twithout drying. Preparations were
transferred to fresh PBS-T twice for 5 min each and were blocked
with 3% BSA in 1 PBS for 20 min at room temperature in a
humidity chamber. The primary antibody was applied and the
specimen was incubated overnight at 41C in a humidity chamber.
Antibodies were diluted in 1 PBS containing 0.01% NaN3 as
follows: 1:100 anti-REC-8, 1:100 anti-RAD-51, 1:50 anti-SYP-1, 1:400
anti-HIM-3, 1:500 anti-HIM-8. After washing three times in 1 PBS
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plus 0.1% Tween 20 secondary antibodies were applied at the
following dilutions: anti-Guinea pig Alexa 568 (1:400), anti-rabbit
Cy3 (1:250), anti-rabbit FITC (1:300) or anti-rat FITC (1:300). After
90 min incubation at room temperature, slides were washed and
mounted in Vectashield supplemented with DAPI.
For fluorescence in situ hybridization (FISH), gonads were
dissected in 6ml of 1 PBS and fixed by the addition of an equal
volume of 7.4% formaldehyde. The specimens were immediately
covered with a coverslip and transferred to liquid nitrogen. After
removal of the coverslip, the tissue was dehydrated by incubation in
increasing ethanol concentrations, dried on air and kept at room
temperature until FISH was performed. PCR-amplified 5S rDNA was
used as a probe for the right arm of chromosome V (Pasierbek et al,
2001). The probe was PCR-labelled with digoxigenin-11-dUTP. The
probe was applied to cytological preparations, and chromosomal
and probe DNA were heat-denatured and allowed to hybridize.
Hybridized DNA on the slides was detected with FITC-conjugated
anti-digoxigenin antibodies.
After immunostainings and FISH, fluorescence-labelled antibo-
dies and DAPI were visualized by UV excitation and detection at
appropriate wavelengths. Optical sectioning was performed on the
preparations and images were recorded at separate wavelengths,
deconvolved, projected and color-merged.
Monitoring of apoptotic germline nuclei
Apoptotic cells were detected by their selective intake of acridine
orange (see Gartner et al, 2004). In short, 0.5 ml of staining solution
(50mg acridine orange/ml M9 buffer) was added to young adult
worms on a 35 mm worm plate. The plates were stored in the dark
for 1 h before the worms were washed in M9 buffer and transferred
to a new plate. After a further 1 h incubation at room temperature in
the dark, the worms were mounted in a drop of M9 buffer
supplemented with 0.1% NaN3 on agarose beds and scored under a
fluorescence microscope.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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General discussion and future prospects 
 
HIM-19 
 
him-19 (high incidence of males) is a novel gene harvested from a forward genetic screen.  
In the background of the jf6 allele, the recessive allele I isolated, the abrogated splicing 
still leaves the first 5 exons (out of 11 exons) of the him-19 open reading frame 
potentially intact.  Although we could mimic the phenotype by co-suppression we cannot 
be certain that jf6 represents a null allele.  Currently we have received the knock out 
allele of him-19 – tm3538.  This knock out allele removes the exon 6 and creates a similar 
disruption as the jf6 allele.  Univalents at diakinesis are observed in both alleles.  
Furthermore, the two alleles do not complement each other.   
 
It has been known for long that the X chromosome non-disjunction increases with 
maternal age in C. elegans (Rose and Baillie 1979).  But the molecular nature for this 
phenomenon has not been elucidated, be it at the level of DSB induction, cohesion 
maintenance or altered recombination pattern in aged meiosis, just to name a few.  
Studies with the him-19(jf6) allele show that the mutant displays an interesting age-
dependent defect.  Mutant mothers (hermaphrodites and females) produce more male 
progeny in the later reproduction time.  They also lay a larger number of dead eggs than 
the younger mothers.   
 
Furthermore, the feminizing experiments display that the mutant occytes are more 
defective than the sperms.  Feminized mutants that never produced a male germline have 
lesser surviving progeny than mutant hermaphrodites.  Such evidence suggests that in the 
hermaphrodites there is another product of similar or redundant function generated in the 
male spermatogenesis germline, and that some residuals are used during the early female 
oogenesis germline.  A synthetic lethality screen might be useful to identify the male 
counterpart.   
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Thus far, we have accomplished a thorough phenotypic description of the him-19 mutant. 
Antibodies generated against recombinant protein so far did not allow us to detect HIM-
19  neither cytologically nor biochemically.  An effort of performing a yeast two hybrid 
screen using HIM-19 as bait was also made to look for possible protein interactors.  
However, candidates found were mostly auto-activating false positives.  In short, we can 
state that the gene plays a role in meiotic chromosome pairing and DNA double strand 
break induction predominantly in the female hermaphrodite germline.  We cannot yet 
place the gene in any of the known pathways involved in the known processes.  Both the 
sub-cellular localization of HIM-19 and the purification of interacting protein complexes 
will contribute to understanding the function of him-19 and aid our main incentive in 
elucidating the genetic pathway where him-19 acts. 
 
As for bioinformatics search for homologs in other organisms, HIM-19 only has a 
homolog present in C. briggsae.  Standard database searches did not show any obvious 
homolog in other species.  When the meta-structure concept was applied  (a method that 
does not treat individual amino acids as single entities but looks at their mutual 
interdependences – personal communication from Robert Konrat), HIM-19 displays a 
homology to the helicase dhh1 (Cheng et al. 2005), suggesting that HIM-19 has the 
ability to interact with nucleic acids.  The C. elegans germline proliferation is controlled 
by assorted RNA regulators, post transcriptional repressors and translation factors.  GLD-
1, 2, 3, and NOS-3 are the key regulators for the meiotic entry (Eckmann et al. 2004; 
Hansen et al. 2004; Kadyk and Kimble 1998; Kimble and Crittenden 2007).  The full 
length HIM-19 is a rather basic protein that is able to interact with both DNA and RNA 
in filter binding assays (preliminary data from Yasmine Mamnun).  HIM-19 might play a 
role in coordinating homologous pairing, synapsis and DSBs induction/repair by 
regulating other meiotic process players.  Another property of HIM-19 is that its overall 
amino acid composition is very hydrophobic.  Therefore, HIM-19 could also be a 
candidate for a membrane and/or chromatin associated factor.   
 
One of the HIM-19 antibodies generated from a guinea pig displays a patch-like staining 
pattern at late pachytene nuclei.  These HIM-19 patches resemble the staining pattern of 
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P-granules protein PGL-1 (Kawasaki et al. 1998).  Although the number of patches are 
not as abundant as those of the PGL-1, the HIM-19 patches were colocalizing with the 
PGL-1 patches.  However, we still need to confirm this staining pattern by using another 
antibody or by using transgenic lines of tagged HIM-19 (i.e., GFP tag or multiple MYC 
tags) since the staining pattern was not very reliable.  P-granules are large non-membrane 
bound cytoplasmic structures composed of RNAs and proteins important for germ cell 
development in C. elegans (Strome and Wood 1983).  The molecular functions of germ 
granules are likely to be complex.  However, based on their compositions and sub-cellular 
localization, it has been argued that germ granules may post-transcriptionally regulate 
mRNAs, sort newly transcribed mRNAs as they leave germ cell nuclei, and/or facilitate 
the localization of mRNAs and proteins to primordial germ cells of embryos with 
maternally inherited germ plasm (Seydoux and Braun 2006; Spike et al. 2008).  Recently, 
other studies have unveiled that PGL-1 and several other p-granule genes are also 
required for proper pairing and synapsis (personal communication from Kentaro 
Nabeshima, 2008 C. elegans Development and Evolution Topic Meeting). 
 
There are several models attempting to explain the age-dependent defect observed in the 
him-19 mutants.  One of them is a male paralog helping early female meiosis.  Since 
there is no close ortholog of him-19 found in the C. elegans genome from bioinformatic 
searches, finding the male paralog or redundant protein might help to understand the 
function of him-19 and the pathway it acts in.  Synthetic lethality screens are used 
identify redundant genes that show no obvious phenotypes but when present in 
combinations would lead to severe phenotype.  To carry out the synthetic lethality screen, 
a transformed line of the genomic rescue construct in the newly acquired knockout 
mutant can be made and mutagenized.  When an extrachromosomal array is not 
integrated into the genome, not all of the progeny would inherit the array.  If the male 
paralog of him-19 is hit by the mutagen, that candidate strain would segregate higher 
ratio of progeny with the rescue construct.  Using conventional genetic mapping or SNP 
mapping to map these mutant candidates with the him-19 background  would be highly 
labor intensive.  Fortunately, with the advances in sequencing technologies, sequencing 
the mutant genome to find the mutation is no longer science fiction.  The Solexa from 
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illumina and SOLiD from ABI are new sequencing technologies that have emerged lately 
(information obtained from illumina and ABI webpage correspondingly 
http://www.illumina.com/pages.ilmn?ID=203  
http://marketing.appliedbiosystems.com/mk/get/SOLID_KNOWLEDGE_LANDING).  
Both systems have demonstrated to be compatible with resequencing of the C. elegans 
genome rapidly (Hillier et al. 2008; Valouev et al. 2008).     
  
A second model about the age-dependent defect of him-19 derived from HIM-19’s meta-
structure method’s predicted homology to the helicase Dhh1 (Cheng et al. 2005).  The 
Dhh1 C. elegans orthologue CGH-1 was found to associate with translational regulators 
and a specific set of maternal mRNAs to prevent these mRNAs from being degraded 
during oogenesis (Boag et al. 2008).  Previous RNAi experiments have shown that CGH-
1 is essential for both hermaphrodite and male fertility, and oocytes survival (Navarro et 
al. 2001).  We should check to see if the newly existing cgh-1 knockout or RNAi mutants 
have any defects in meiosis.  If so, could cgh-1 and him-19 share some redundant roles in 
meiotic chromosome pairing? 
 
Both alleles, jf6 and the knockout, of him-19 only disrupt approximately 50% of the full 
length protein.  In case of jf6, the version with only exon 7 missing only removes 33 
amino acids.  The age-dependent defect we observed may also be caused by protein 
instability.  An attempt to test out this possibility was performing the viability and male 
progeny count in a higher temperature (25ºC).  Higher temperature might speed up the 
process of protein instability and cause a more severe phenotype.  The results obtained, 
however, was similar to the ones scored in room temperature.     
 
Overall, there are three proposed theories to the age-dependent defect observed in the 
him-19 mutants: a male paralog contribution, an alternative redundant protein (for 
example, cgh-1), or protein instability in the mutant versions.  At this point, we have not 
enough evidence to rule out any of them yet.   
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To better understand the function of HIM-19, current effort is to produce functional 
affinity tagged HIM-19 lines.  The transgenes will be crossed into the mutant him-19 
(either the point mutation allele jf6 or the deletion allele tm3538).  If the transgene is 
functionally expressed, the phenotype of the him-19 mutants would be rescued.  Such 
functional tagged lines can be used for cytological localization as well as biochemical 
purifications.  With a large scale of these functional transgenic lines, protein complexes 
containing HIM-19 can be tandem affinity purified (Cheeseman and Desai 2005; 
Polanowska et al. 2004).  Subsequently, co-purified proteins can be subjected to mass 
spectrometry analysis.  Proteins eluted from the Tap-purification will either be separated 
by gel electrophoresis and silver staining or directly used for MALDI-TOF analysis.  
Candidates found will be subjected to bioinformatics analysis and afterwards tested for 
their roles in meiotic pairing.  If no existing mutants are available for these candidates, 
reverse genetic approaches can be applied (for example, RNAi, co-suppression or 
homologous gene targeting).  The approaches to analyze the interacting partners will 
largely depend on the nature of those proteins.    
 
In summary, the forward genetics approach has successfully rewarded us with new genes 
or new alleles of known genes.  All of them have roles contributing to the fidelity of 
chromosome segregation in meiotic prophase I.  First, PROM-1 is responsible for proper 
progression of meiosis starting from the meiotic entry.  Second, MTF-1/SUN-1, a 
homolog sorting factor, is responsible for faithful homologous chromosome pairing.  
Third, HIM-19 is also responsible for homologous pairing, but has a more important role 
in older animals.  Fourth, to achieve proper crossovers, COM-1 is responsible for 
successful resection and strand invasion after double strand beaks have been introduced.   
 
The Green eggs (GFP+) and Him (high incidence of males) screen produced not only 
new alleles of previous characterized meiosis players: him-3(jf39), him-3(jf40), chk-
2(jf17), him-14/msh-4(jf12) and him-14/msh-4(jf29); but also, new players involved in 
meiotic pairing are revealed – a new allele of mtf-1/sun-1 and a new gene him-19.  The 
clonal method that we applied, by keeping the heterozygous siblings and examining the 
phenotype of the F2s, allowed us to recover a wider range of alleles than Kelly et al 
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(2000).  All of the screens mentioned in this thesis produced more candidates (stored in 
frozen form) than we could have characterized.  The limiting factor to the 
characterization part is the mapping of the mutations.  Although SNP mapping is already 
more efficient than the conventional genetic mapping, the resolution of SNPs still leaves 
a large area for sequencing (minimum 4 cosmids/YACs region).  A considerable amount 
of work is still needed to map the mutations to its open reading frame.  Advances in 
mapping or sequencing technologies will be of great help to work through our mutant 
candidate collections.  Discovering more new genes will give us a better picture of the 
puzzle of the meiotic prophase I.  Successful homolog pairing is achieved by two crucial 
classes of factors, firstly those that are responsible for homolog sorting and secondly 
those that confer and/or assess chromosomal identity.  The players that are involved in 
assessing chromosomes’ identity are still to be revealed.      
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